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HE cellular component of gram-negative bacteria, designated as endotoxin, 
is a lipoprotein-earbohydrate complex situated on or near the surface of the 
bacterial cell.2:? This constituent is one of the features that distinguishes gram- 
negative bacteria from gram-positive organisms. There is no evidence that in- 
vasiveness or virulence of the bacterial cell is closely related to the surface 
endotoxin, but the dissemination in the body of endotoxin from gram-negative 
bacteria having attenuated virulence can provoke a serious, and even fatal, 
illness. Not infrequently, bacteremia due to gram-negative organisms has caused 
irreversible shock.1-7 The increasing clinical significance of shock due to endo- 
toxin has led to extensive inquiry into the underlying mechanisms involved.**° 
In cooperation with the Departments of Physiology and Surgery, the mechanism 
of this type of shock has been studied intensively and the results have been re- 
During the progress of the investigations on the mechanism of shock induced 
in the dog by endotoxin, it beeame increasingly apparent that the type of shock 
produeed by a single intravenous injection of endotoxin—designated as anaphy- 
lactoid shock—was remarkably similar to the reported sequence of findings, 
known as anaphylactic shock, in sensitized dogs given a second injection of 
specifie antigen. These similarities were of considerable interest because of 
studies in this clinie on the role of brucella endotoxin in the pathogenesis of 
illness. Experimental and clinical observations have indicated quite clearly 
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that illness arises not only because of the nonspecific, intrinsic toxicity of the 
brucella endotoxin, but also because of the appearance of specific hypersensitivity 
of host tissue to the endotoxin.?®-*?_ In some animal species, at least, the undesira- 
ble effects of an initial dose of endotoxin could be prevented by the administration 
of an adrenocorticotropie hormone or by adrenal corticosteroids, and the toxic 
manifestations of hypersensitivity to brucella endotoxin in the human being 
could also be subdued by the steroids.***+ Patients having acute brucellosis 
exhibit a remarkable sense of well-being shortly following steroid therapy. 

Certain similarities between the physiologic changes produced by endotoxin 
and by serum anaphylaxis were recognized by Anderson and Rosenau®’ as early 
as 1909, only 7 years after the original description of anaphylaxis by Portier 
and Richet.2° They predicted at that time that further studies of anaphylaxis 
would offer an explanation for the poisonous nature of endotoxin. However, the 
fundamental features of this relationship have received only sporadic attention. 
Bronfenbrenner*’ probed this relationship for many years and offered the 
provocative explanation that a fundamentally common chain of events is 
set off in anaphylactoid and anaphylactic activity. Nevertheless, the nature of 
the initial injury which triggers this chain of events is not understood. The 
present status of the pertinent theories has been reviewed by Burdon.** 
Since more information is needed to clarify any basic relationship that may exist 
between these reactions, we desire to compare our results of investigations on 
the response of the dog to endotoxin with the documented information on ana- 
phylaxis in the dog. 

METHODS 


Preparation and Activity of Endotoxin.—Endotoxins from different species of gram- 
negative microorganisms have similar physiologic effects. In the present experiments, endo- 
toxins from Brucella melitensis, Escherichia coli, Salmonella typhosa, and serratia mar- 
cescens were used.* When differences in physiologic potency of the various lots were adjusted, 
each of these endotoxins produced the characteristic effects in dogs which were indistinguish- 
able from one another. 

In the initial experiments to be described, E. coli or Br. melitensis endotoxin of the 
Boivin type was employed.1 On the basis of exploratory experiments, a single injection 
of 5 mg. of EF. coli endotoxin or 10 mg. of Br. melitensis endotoxin per kilogram body 
weight was used since these amounts regularly produced shock when injected intravenously 
in the dog. 

Because of the large and costly amounts of endotoxin that were needed to produce 
shock in the dog, the response to less purified preparations was subsequently explored. A prep- 
aration of dried bacterial bodies was finally selected, which was made from E. coli cells grown 
on synthetic protein-free media according to a modification of a technique described by 
Braude and associates.29 The organisms were harvested in a Sharples centrifuge and washed 
with alcohol and acetone. The bacterial bodies were dried and then suspended in saline to 
give a concentration of 50 mg. per ml. A response which was indistinguishable from that 
produced by the highly purified endotoxins was regularly produced in the dog following the 
injection of 0.3 ml. per kilogram of this preparation. 

The possibility that the anaphylaxis-like reactions to endotoxin were the result of 
protein contaminants in the endotoxins, derived from the bacterial media, was excluded by 
the use of synthetic, protein-free media in the preparation of both purified and ‘‘crude’’ 


E. coli endotoxin. Moreover, the highly purified fractions from S. marcescens and S. typhosa 
were essentially protein-free. 


*Endotoxin from S. typhosa was supplied by Dr. Dennis Watson of the University of 
Minnesota and from S. marcescens by Dr. M. J. Shear, National Cancer Institute. 
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RESULTS 


Clinical Manifestations —The initial observations were made with purified 
endotoxins from E. coli or Br. melitensis, which were injected intravenously 
into healthy adult dogs.*?) "16 Puppies were avoided because shock was not 
uniformly produced in the immature animal. Shortly after the injection was 
completed, the dog had a foreeful, well-formed bowel movement. Two to three 
minutes after injection, pruritus, hyperpnea, agitation, vomiting, and diarrhea 
were manifested. The animal began to shiver markedly and the blood pressure 
fell progressively. The dog became apathetic, resting quietly in a corner but 
frequently he would walk in ataxie fashion for short distances, dragging his 
hind legs as if paralyzed. Over the first hour, gagging and tenesmus were 
prominent and this was subsequently followed by profuse bloody vomitus and 
bloody diarrhea. A gradual rise in rectal temperature from approximately 39° 
to 42° C. usually oceurred during the first 3 hours. Between 3 to 5 hours, the 
animal usually lapsed into coma, and death occurred between 12 to 24 hours 
after the injection of endotoxin. 

In their earliest writings, Portier and Richet”® noted practically identical 
clinical events in sensitized dogs after the second or precipitating injection of 
antigen. The prominence of gastrointestinal manifestations with bloody vomitus 
and diarrhea and the profound changes in cireulation leading to shock were 
subsequently confirmed by many other students of anaphylaxis. A minor point 
of difference between anaphylaxis and the reaction due to endotoxin is the 


elevation in body temperature which usually follows endotoxin but not serum 
anaphylaxis.*® *4 


Pathologic Morphology.—Following death of the animal from endotoxin 
shock the most prominent morphologic changes are found in the gastrointestinal 
system. Severe congestion of the liver, submucosal bleeding, and epithelial 
slough of the surface of large portions of the small intestine, and marked edema 
of the gall bladder were quite uniformly present. Necrosis of liver cells was 
noted in some animals which survived for longer than 12 hours. 

Essentially the same morphologic alterations have been observed in the 
gastrointestinal tract of dogs following anaphylactie shock.*’** The findings 
in both states are probably to a large extent the result of severe engorgement and 
vascular stasis occurring in the portal venous system. 


Hemodynamic Effects—In further studies in dogs anesthesized with pento- 
barbital and given endotoxin, arterial and venous pressures were measured.’ 8 
The arterial pressure began to fall precipitously less than one minute after 
injection of the endotoxin was completed. The portal vein pressure inereased 
up to 4 times within the first 5 minutes but returned to near its former value 
after 10 to 20 minutes There was partial recovery of the arterial pressure 
during the first hour but subsequently the blood pressure again fell to lower 
values from which it did not ordinarily recover (Fig. 1). The immediate fall 
in arterial pressure and the marked rise in portal vein pressure were traced 
to the accumulation of large amounts of blood in the liver and intestine. This 
Wis presumably caused by transient obstruction to venous outflow from the liver. 
The removal of large amounts of blood from active circulation because of this 
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pooling in the portal system resulted in a critical reduction of the quantity of 
blood returned to the heart. A marked fall in cardiac output occurred and this 
was subsequently shown to be the cause of the initial fall in blood pressure. 
When the liver was excluded from the circulation by hepatectomy, by 
evisceration with ligation of the portal vein and hepatic artery, or by portal- 
cava anastomosis with hepatie artery ligation, no immediate fall in blood pres- 
sure followed the injection of endotoxin.*® These experiments clearly demon- 


strated that the presence of the liver is essential for this initial collapse in 
blood pressure. 


TYPHOID ENDOTOXIN 


40 | : 


TIME IN MINUTES 


Fig. 1.—Arterial and portal vein pressure curves following administration of S. typhosa 
endotoxin to the dog. The pressures were determined with strain gauge manometer systems 
with appropriate damping and a polyviso recorder. 


In anaphylactie shock a very similar fall in arterial pressure and elevation 
in portal vein pressure oceurs within the first minute following injection of the 
antigen to which the animal has been sensitized.**-°* This fall in arterial pres- 
sure has likewise been traced to pooling in the portal system and inadequate 
eardiae Manwaring®* clearly demonstrated that exclusion of the 
liver from the circulation prevented anaphylaxis, and the parallel situation with 
endotoxin further emphasizes the fundamental similarity in hemodynamic 
effects in the two reactions. 


Relationship of Shock to Quantitative Changes in Blood Cells, Platelets, 
and Blood Sugar.—The injection of endotoxin was followed by a rapid and pro- 
found fall in the number of white blood cells. A progressive reduction in the 
percentage of neutrophils with a relative increase in lymphocytes occurred during 
the first 90 minutes but the maximal fall in total leukocytes had already oc- 
eurred during the first 15 minutes (Table I). A corresponding and also very 
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marked decline in the number of platelets took place during the first 5 to 15 
minutes (Table II). There was a very close relationship between the abrupt 
fall in total leukocytes, the decrease in platelets, the drop in arterial pressure, 
and the transient elevation of the portal vein pressure (Fig. 2). As the leuko- 
eyte and platelet counts gradually increased during the 3 hours that followed, 


a large number of immature red blood cells appeared in the peripheral cireula- 
tion (Table IT). 


TABLE I, QUANTITATIVE CHANGES IN ToTAL LEUKOCYTES, NEUTROPHILS, AND LYMPHOCYTES 
at Vartous Pertops ArrerR INJECTION OF E. COLI OR BR. MELITENSIS ENDOTOXIN INTO Docs 
ANESTHETIZED WITH PENTOBARBITAL* 


CONTROL TIME IN MINUTES 
BEFORE AFTER AFTER INJECTION OF ENDOTOXIN 

ANESTHESIA | ANESTHESIA | 5 | 15 | 30 | 45 | 90 | 180 

Total leukocytes 15,180 14,188 1,525 1,710 1,925 2,420 2,520 4,900 
cells/mm.3 (5) (4) (2) (5) (4) (5) (5) (3) 
Neutrophils 80.0 80.1 70.1 62.4 66.1 62.2 52.2 73.1 
per cent (5) (4) (2) (5) (4) (5) (5) (3) 
Lymphocytes 18.1 17.1 28.1 35 30.3 35.1 43.4 24.2 
per cent (5) (4) (2) (5) (4) (5) (5) _ (8) 


*Blood samples were obtained from the femoral vein at the indicated times and the 
counts were done in duplicate. The mean values and the number of dogs (indicated by 
parentheses) on which each value is based are shown, 
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Fig. 2.—Representative hematologic changes and the related arterial and portal vein pressure 
responses before and following injection of crude EF. coli endotoxin in the dog. 


There was surprisingly little change in the venous hematocrit during the 
initial 30 minutes. This was in harmony with our earlier observation that 
pooling of blood in distended veins and not leakage of plasma accounted for 
the initial hemodynamie disturbance produced by endotoxin.** <A slight elevation 
in the coneentration of blood glucose during the first 15 minutes was followed 
by a steep fall during the ensuing 3 hours (Table II and Fig. 3). 

The effects of endotoxin on blood cells, platelets, and blood sugar have been 
well described by other investigators.**** The purpose of including these values 


1, 
f 
| 
12,000F | 
£ 
5 
200,000) 
5 '20000) 
= 
40900 
0 
!60 
80 
40 
+-- 
20 
12 
8 
0 
60) 
45 
5+ 
\ 


506 WEIL AND SPINK J. Lab. & Clin. Med. 

October, 1957 
in the present series of experiments was to determine the time relationship 
between these changes and the sudden fall in blood pressure. It will be noted 
that leukopenia and thrombocytopenia are closely associated with the sudden 
appearance of shock. 

The close similarity between these hematologic changes and those that 
follow anaphylactie shock in the dog are noteworthy. Biedl and Kraus* first 
deseribed leukopenia in anaphylactie shock and Webb‘? noted that the abrupt 
fall in leukocytes occurred within 2 minutes following injection of the shocking 
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Fig. 3.—Changes in the hematocrit, concentration of blood glucose and rectal temperature, and 
their relationship to the fall in arterial pressure produced by crude E. coli endotoxin. 


TABLE II. QUANTITATIVE CHANGES IN THE PLATELET Count, NUMBER OF NUCLEATED RED 
Hematocrit, AND BLoop GLUCOSE CONCENTRATION AT VARIOUS PERIODS AFTER 
INJECTION OF E. COLI OR BR. MELITENSIS ENDOTOXIN INTO Dogs ANESTHETIZED WITH 
PENTOBARBITAL* 


CONTROL 
BEFORE | AFTER. | TIME IN MINUTES AFTER INJECTION OF ENDOTOXIN 
ANESTHESIA | ANESTHESIA 5 | 15 | 380 | 45 | 90 | 120 | 180 | 210 


Platelet 

Count 217,000 242,800 55,300 40,500 62,200 86,700 96,100 75,000 96,250 177,000 
No./mm.3 (5) (6) (5) (6) (5) (5) (4) (2) (2) (1) 
Nucleated 

red blood 


eells 14 53.5 30 
No./100 


leuko- 
cytes (5) (3) 
Hematocrit 53.6 55.3 
Vol. per 
cent (5) (3) 
Blood 
Glucose 69.4 81.1 81 80.2 76.4 48.1 
Mg. per 
cent (5) (5) @) (4 (65) (3) 
*Blood samples were obtained from the femoral vein and determinations were done in 


duplicate. The mean values and the number of dogs (indicated by parentheses) on which 
each value is based are shown. 
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dose of antigen. However, recovery of the leukocyte count and the develop- 
ment of leukocytosis apparently proceed somewhat more rapidly after anaphy- 
laxis than after endotoxin.*® *® The rapid development of thrombocytopenia 
after endotoxin is also a constant finding in anaphylactic shock. 


Blood Coagulation.—The coagulability of blood was measured before and 
at intervals after the injection of endotoxin, using a modification of the Lee- White 
method.*® No significant change in the coagulation time was detected (Table 
III). Franke**® had also noted no consistent change in clotting time in dogs 
after the injection of large doses of endotoxin derived from S. marcescens. 


TABLE III. CoacuLation Times (Mopirtep Lee-WuHITE MeTHop) AT VARIOUS PERIODS 
AFTER INJECTION OF ENDOTOXIN INTO DoGs 


COAGULATION TIME IN MINUTES 

BER CONTROL TIME (MIN.) AFTER INJECTION 
AND | WT. BEFORE AFTER OF ENDOTOXIN 

SEX | (KG.)| ENDOTOXIN | ANESTHESIA | ANESTHESIA 5 | 15 | 30 | 45 | 60 | 90 | 180 


25.4 FE. coli 9.0 8.5 8.0 9.0 6.0 7.5 
(erude) 


15.0 FE. coli 6.5 13.0 10.0 12.5 10.5 8.5 9.0 
(crude) 

23.0 Br. melitensis 9.0 8.5 15.5 14.0 19.5 15.5 11.0 
(purified ) 

12.0 FE. coli 7.0 85 85 65 8.0 9.5 
(purified ) 

23.5 FE. coli 6.0 6.5 6.0 6.5 9.5 8.0 6.0 
(crude) 

Mean 


9.1 8.5 96 9.7 11.9 60 104 8.4 


7.4 
(5) (4) (1) (5) (5) (4) 


The prolongation of coagulation time due to liberation of heparin is a 
consistent and well-recognized feature of anaphylactic shock.* The lack 
of evidence that heparin is liberated following endotoxin may constitute a sig- 


nificant difference between anaphylactic shock and the shock produeed by 
endotoxin. 


Role of the Central Nervous System.—The characteristic hemodynamic 
and pathologie changes that follow the injection of endotoxin were not prevented 
in dogs after cervical chordotomy, with and without vagotomy.1? A prompt 
fall in blood pressure and elevation of the portal vein pressure also oceurred in 
decapitated animals. Using a modification of the eross-cireulation method of 
Penner and Klein,’ which has been presumed to separate the cephalie and body 
cireulation, shock and the elassie morphologic changes could not be related to 
primary aetivity of endotoxin in the cephalic cireulation. These experiments 
did not support the widely accepted thesis that shock results primarily from 
the direct effeet of endotoxin on the brain.® 


The earliest workers studying anaphylactie shock also postulated that shock 
was due to profound chemical effects on the central nervous system. When, 
in 1909, Anderson and Rosenau?> compared the manifestations of anaphylaxis 
and endotoxin, they proposed that both were the result of overwhelming toxic 
efieets on the central nervous system. In refutation of these arguments, Pearce 
and Eisenbrey*® demonstrated that decapitation and mechanical destruction of 


508 WEIL AND SPINK J. Lab. & Clin. Med, 
October, 1957 


the spinal cord of the dog did not protect against anaphylactic shock. Anesthie- 
sia and sedation may mask the systemic symptoms of anaphylactie shock but the 
essential characteristics of the reaction are not modified.** Our observations 
in unanesthetized animals and in dogs following pentobarbital anesthesia also 
demonstrated that vomiting, diarrhea, and minor clinical signs were prevented, 
but the profound hemodynamie and morphologic alterations were unchanged 
by anesthesia. The information at hand indicates that the initial reactions 
produced by anaphylaxis or by endotoxin in the dog are not primarily the result 
of a direct action on the central nervous system.» *4 


Histamine Liberation.*—Present knowledge of the role played by histamine 
in anaphylactic shock is incomplete. However, following the studies of Dragstedt 
and his group,°°? liberation of histamine was recognized as a constant feature 
of anaphylactic shock in the dog. It was, therefore, of considerable interest to 


determine whether histamine is also released following the injection of endotoxin 
in dogs. 


Method of Assay.—Bio-assay for histamine was performed with a muscle chamber using 
guinea pig ileum.53 <A freshly removed segment of intestine, approximately 3 em. in length, 
was suspended in a 5 ml. chamber filled with Ringer-Tyrode solution. Oxygen was con- 
tinuously bubbled into the chamber and the system was maintained in a 37° C. water bath. 
The lower end of the gut was secured by means of a hook to the bottom of the chamber 
and the upper end was fastened to the free end of a cantilever beam. The initial tension 
was adjusted to between 0.5 to 1.0 Gm. and subsequent changes in length of the gut were 
detected by means of a pair of strain gauges cemented to the beam. Recording of the 
deflection was made on a Sanborn recording system. 

With alternate injections of standard quantities of histamine and 0.3 ml. of heparinized 
plasma, it was possible to determine the quantity of ‘‘histamine-like’’ substance in plasma. 


The chamber was washed two times with prewarmed Ringer-Tyrode solution between each 
determination. 


TABLE IV. HISTAMINE-LIKE SUBSTANCE DETECTED IN PLASMA OBTAINED FROM THE SUPRA- 
DIAPHRAGMATIC INFERIOR VENA CAVA A't INTERVALS AFTER THE INJECTION OF ENDOTOXIN 


poc! wr. con: | MICROGRAMS PER ML. PLASMA (MINUTES) _ 
NO. | ( KG.) we ENDOTOXIN | TROL | 1|2|3 | 44| 5 | 10 | 15 | 20 | 30 | 60 
1 102 M Br. melitensis 0 0.22 0.13 0.04 0 0 0 

(purified ) 
2 230 M_ E. coli 0.13 0.04 0 0 0 0 

(cells) 
3 9.8 E. coli 0.03 0.09 0.03 0 0 0 
4 0 


(cells) 
17.8 E. coli 0.64 0.39 0.36 0.13 0.08 
(cells) 


In initial trials, samples of heparinized plasma from the femoral vein of dogs were 
analyzed before and at intervals after injection of endotoxin. No increase of ‘‘histamine- 
like’’ substance could be detected in these samples from the dog in a state of shock. When 
samples were collected through a cardiae catheter, which had been carefully advanced into 
the superdiaphragmatic inferior vena cava to a site near the inflow of the hepatic veins, 
‘‘histamine-like’’ substance was readily detected. The maximum response occurred within 
one to two minutes after injection of endotoxin and coincided with the period of precipitate 
fall in the arterial pressure. Between the third and fifth minute, the material had again dis- 
appeared from the plasma (Table IV and Fig. 4). 


*We are indebted to Mr. R. J. Stish of the Department of Physiology who collaborated 
in these studies. 
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A sharp rise and rapid fall of blood histamine was also noted by Code** 
in his studies of anaphylaxis in the dog. The explosive liberation of histamine 
was likewise shown to be closely related to the onset of hypotension, elevation of 
the portal vein pressure, and pooling in the viscera. The present findings reveal 
a significant point of similarity between anaphylactie shock and the reaction to 
endotoxin.* 


Effect of Adrenocortical Hormones.—The therapeutic value of adrenocortical 
hormones in allergie diseases is well recognized, but reports on the effectiveness 
of ACTH and cortisone in preventing anaphylactic shock in animals are con- 
tradictory.*°? However, it would appear that at least partial protection can 
be demonstrated if the intensity of the anaphylactic reaction is suitably con- 
trolled.°7 We have observed that these hormones clearly protect against the 
lethal effeets of endotoxin in the mouse, rat, and rabbit.2° °* Ebert and asso- 
ciates'® could not prevent shock in the dog with meningococeus toxin by pre- 
treating animals with cortisone. In view of the important theoretical and thera- 
peutic implications derived from a knowledge of the effects of corticosteroids 
on shock produced by endotoxin, this problem was re-explored. 
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Fig. 4.—Relationship of the amount of histamine-like substance in inferior vena cava blood 
of the dog to the arterial pressure following injection of crude EF. coli endotoxin. 


Method of Study.—One of a pair of dogs was pretreated with large doses of hydro 
cortisone hemisuccinatet or prednisolone-21-hemisuccinatet which were injected intravenously 
5 to 60 minutes before the endotoxin. Observations on the treated and an untreated control 
dog were made simultaneously and the experimental animals were so chosen that weight, 


*Recent investigations indicate that serotonin, as well as histamine, is liberated into 
the blood during anaphylaxis in the rabbit (see T. P. Waalkes, H. Weissbach, J. Bozicevich, 
ani S. Undenfriend, J. Clin. Invest. 36: 1115, 1957). 

Mict jSupplied through the courtesy of Dr. C. J. O’Donovan, The Upjohn Company, Kalamazoo, 
ich, 
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sex, and age of the treated and control dog were closely matched. Twelve treated and 12 
simultaneous control animals were studied. In some experiments, supplementary doses of 
hydrocortisone hemisuccinate or cortisone acetate were given by the intramuscular route 
shortly before and at intervals after the administration of endotoxin (Table V). The same 
lot of ‘‘erude’’ EF, coli endotoxin in a dose of 0.2 to 0.3 ml. per kilogram was used for all 
experiments. Seven pairs of dogs were anesthetized with pentobarbital and femoral artery 
pressure was recorded for 3 hours after injection of the endotoxin. In the remaining 5 
experiments, the animals were not anesthetized so that any clinical differences could be 
observed. Rectal temperatures were studied in 2 pairs. 


Characteristic hemodynamic and clinical responses were not clearly altered 
by pretreatment with the corticosteroids. Three of the treated animals but only 
one control animal survived (Table V). The average survival of the 11 control 
animals was only 7.5 hours. These data suggest that corticosteroids provided 
protection under the circumstances of these experiments but the differences are 
not decisive. Further studies with particular attention to the dose of endotoxin 
may lead to a clearer definition of the possible protection afforded by these agents 
in the dog. 

DISCUSSION 


The remarkable similarity of anaphylactic shock and shock that follows the 
injection of endotoxin suggests that a common pathway is involved in both re- 
actions. <A single injection of peptone, trypsin, hydatid cyst fluid, snake venom, 
the extract of Ascaris lumbricoides, polyvinylpyrrolidine (PVP), acacia, and 
fat emulsions also produce reactions which, though not identical, simulate ana- 
phylaxis.** Seventy-one different substances, including organic colloids 
such as stareh, glycogen, and pancreatin, have produced the anaphylactie type 
of reaction; and also ineluded are several inorganic chemicals such as arsenous 
sulfide and colloidal iron.®§ 


‘*Anaphylaetoid shock’’ has been a descriptive term that is widely used 
in indieating the close resemblance of the reaction to anaphylactic shock, al- 
though the basie mechanism involved in the anaphylactoid reaction is not clearly 
understood. Recent investigation has suggested that these reactions may be 
closely related to the molecular size of particles injected.*t This would, in part, 
explain the diversity of chemically unrelated substances that produce this re- 
action. Peptones, carbohydrate polymers, fat emulsions, and colloidal solutions 
of certain inorganie materials are each composed of macromolecules of inter- 
mediate size. Purified endotoxins are also made up of macromolecules in the 
100,000 to 1,000,000 range.® 

The fundamental question of how macromolecules ‘‘trigger’’ anaphylaxis 
and anaphylactoid reactions in the dog still remains unexplained. The con- 
clusion that the reactions are very closely related to changes in the liver and 
that they do not occur in the absence of the liver is well documented. Thomas 
and Essex®* have demonstrated that occlusive spasm of the intrahepatic vas- 
culature accompanies anaphylactie and anaphylactoid shock and this conclusion 
is supported by studies from this laboratory.’* ** 1° Spasm of small hepatic 
veins explains the elevation of portal venous pressure, severe engorgement of the 
liver and intestine, and marked edema of the gall bladder. Shock results from 
the pooling of blood behind the small tributaries of hepatic veins with resulting 
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loss of large quantities of blood from the active circulation. This effect is most 
important in producing the profound hypotension that so rapidly follows injee- 
tion of the shocking agent. The role of histamine in this sequence of events has 
been much debated but present evidence suggests that anaphylaxis and anaphy- 
lactoid shock are not the result of its action.** ** ° 

In contrasting anaphylactic shock and the reaction to endotoxin in the dog, 
failure to obtain significant prolongation of the coagulation time with endotoxin 
has already been cited as an important point of difference. In addition, certain 
delayed effects of endotoxin may not be directly related to its anaphylactoid 
activity. One such delayed effeet has been noted after hepatectomy. Whereas 
the initial response of shock following injection of endotoxin is prevented by 
preliminary hepatectomy, the lethal effeet is augmented.’® This is in contrast 
to the absence of any injurious effect when attempts are made to provoke ana- 
phylaxis in a sensitized dog after the liver has been removed. Braude and asso- 
ciates® have shown that circulating endotoxin is, in facet, removed by the liver 
so that the absence of the liver may cause intensification of a delayed toxic 
effeet which is apparently not related to its anaphylactoid activity. Studies 
are now in progress to define the nature and importance of this delayed effeet 
more fully. These differences, however, do not minimize the essential similarity 
of the reactions produeed by endotoxin, anaphylaxis, and anaphylactoid shock. 

The occurrence of sudden shock in human patients with bacteremia caused 
by gram-negative microorganisms is probably related to the liberation of endo- 
toxin from the bacteria. The clinical manifestations in severe cases may resemble 
anaphylaxis with sudden prostration, profound hypotension, bloody vomiting 
and bloody diarrhea, and a rapidly fatal course.*»® Severe congestion of the 
liver, necrosis of liver cells, and submucosal hemorrhage, not unlike that ob- 
served in the experimental animals, are commonly found at autopsy.” 

These studies admittedly leave the fundamental questions concerning patho- 
genesis unanswered. However, the concept that baeteremic shock is an anaphy- 
lactoid response permits a larger body of experimental and clinical knowledge 
to bear on this problem. Indeed, studies to date emphasize the need for further 
knowledge of the nature of the ‘‘trigger’’ which initiates the sequence of 
events in anaphylaxis or anaphylactoid shock. 


SUMMARY AND CONCLUSIONS 


When endotoxins from gram-negative microorganisms were injected intra- 
venously into dogs, the animals became severely ill. The following series of 
events was observed: a precipitous fall in blood pressure, marked hyperpnea, 
excitement and gagging, apathy, and later coma. Massive evacuation of the 
bowels and vomiting oceurred soon after the injection and this frequently led 
to profuse bloody vomitus and tenesmus with bloody diarrhea. Death followed 
within 3 to 18 hours and autopsy showed severe liver congestion, submucosal 
intestinal bleeding, and gall bladder edema. 

The onset of shock was accompanied by a rise in portal vein pressure and 
the cause of shock was traced to massive pooling of blood in the portal system 
resulting in a greatly diminished venous return. An immediate marked fall in 
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leukocytes and platelets also followed the injection of endotoxin. The blood 
sugar was slightly elevated but subsequently fell to low levels after the second 
hour. Chordotomy, vagotomy, and decapitation did not alter the essential hemo- 
dynamic response and this indicated that shock was not primarily due to in- 
toxication of -the central nervous system. Histamine-like substance appeared 
in the blood of the inferior vena cava immediately after shock was produced. 
Pretreatment with adrenocortical hormones provided only questionable protec- 
tion against the reaction. These studies demonstrated that shock produced by a 
single injection of endotoxin was, in each of these respects, simulated to those 
documented in the ease of anaphylactic shock in the dog. 

Two important points of difference were noted between shock caused by 
endotoxin and that due to anaphylaxis. No change in blood coagulability oc- 
curred after endotoxin, and this was in contrast to the liberation of heparin and 
prolongation of clotting time which characteristically occurs during anaphy- 
laxis. Moreover, endotoxins appear to have an additional delayed toxie effect 
that leads to rapid death after hepatectomy. 

The reaction to endotoxin is thought to be another example of the anaphy- 
lactoid type of reaction. Its close relationship to shock produced by a diversity 
of unrelated agents, including peptones, carbohydrate polymers, parasitic ex- 
tracts, and snake venoms and the shock in patients with bacteremia which pro- 
duce a similar response, have been discussed. 
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TRANSMISSION OF THE EXPERIMENTAL COMMON COLD 
IN VOLUNTEERS 


Il. THe Errect or Certain Host Factors UPON SUSCEPTIBILITY 


Harry F. Dow ine, M.D., Georce G. Jackson, M.D., ANd Touru INovuye, M.S. 
Cuicago, ILL. 


HE reasons why some persons have more colds than others are not known. 

The age of the subject** and the frequency and intimacy of exposure to 
persons with a common cold® have been shown to be important factors. Women 
acquire ‘‘natural’’ colds more frequently than men’ * ® 7 and more frequently 
develop the common cold after experimental inoculation.’ Other unknown 
factors appear to influence the development of the common cold, however, 
since certain persons remain more susceptible to colds from year to year” * 1° 
and some persons are more susceptible to repeated challenges with infectious 
secretions than others.® 

In the course of observations of the development of the common cold in 
adult volunteers following nasal instillation of infectious secretions, we at- 
tempted to study any additional factors which might be related to suscepti- 
bility to the common cold. We are presenting herewith our findings with re- 
gard to allergy, the presence or absence of tonsils and adenoids, the smoking 
of tobacco, and menstruation. Observations on the effect of chilling, as such, 
upon the development of the experimentally transmitted common cold are 
being reported separately." 


MATERIALS AND METHODS 


Secretions obtained from patients with typical common colds were filtered through 
an ultrafine sintered glass filter. After bacteria were shown to be absent by culture and — 
there was no demonstrable effect upon embryonated eggs, suckling mice, adult mice, or 
on HeLa cells in tissue culture, the secretions were diluted 1:10 and stored in a 5 per cent 
solution of hemoglobin, obtained from group O cells buffered to a pH of 7.4 at -70° C. 
Immediately preceding instillation the solution was again diluted 1:10 with 0.15 M phos- 
phate buffered saline solution, pH 7.4. The control for these secretions was a solution of 
hemoglobin obtained from group O cells, buffered in the same way. Inoculations were 
made by instilling 0.2 ml. of the solution into each nostril. 

After these laboratory studies were performed on each secretion, it was instilled 
into the nares of 6 to 10 human volunteers to determine whether it would cause symptoms 
of the common cold. All volunteers were healthy men or women between the ages of 18 
and 35 years. 
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Special rooms or chambers were used to control the temperature and humidity of 
the environment. Men remained for 2 to 4 hours in the specified environment, dressed 
in shorts and socks; women in shorts, socks, and halters or brassiéres. A chilling tem- 
perature of 60° F. with an 80 per cent relative humidity for 4 hours and a comfortable 
temperature of 80° F. with a 30 per cent relative humidity were selected for the experi- 
ments. The infectious secretions or control solutions were instilled intranasally imme- 
diately prior to chilling or at the end of the period of chilling. 

For experiments at lower temperatures (10° F. and 80 per cent relative humidity 
for 2 hours) the subjects were dressed in street clothes plus overcoat, hat, and gloves. At 
the end of the period in the special-temperature rooms, the intranasal instillations were 
made and the subjects were dismissed. They reported for examinations on the second, 
third, fourth, and sixth days after the experiment. Initial examinations of the nose and 
throat were made and a history of respiratory symptoms was obtained at the beginning 
and end of each experiment and on each of the subsequent visits. These examinations, 
and the subsequent decision as to whether or not a cold was present, were made by mem- 
bers of the research team who were unaware of the experimental group into which the 
patient had been placed. 


The criteria for identifying the development of a cold in a volunteer and the reasons 
for their adoption will be given in detail in another publication.12 In brief, in order to 
be classified as having developed a cold in connection with an experiment, the subject 
had to meet 2 of the following 3 criteria: 


1, A score of 14 or more points in 6 days (over the base-line symptoms taken on 
the day of the experiment) based on the following symptoms recorded daily: headache, 
sneezing, chilliness, nasal discharge, nasal obstruction, sore throat, coughing, and malaise. 

2. The impression of the subject that a cold had developed following challenge. 

3. An inerease in nasal discharge on 3 of the 6 days after challenge (or severe nasal 
discharge on 2 days). 


RESULTS 


History of Allergy—tIn Table I is shown the frequeney with which colds 
developed in allergic and nonallergie persons. A history of allergy was given 
by 143 of the subjects who were challenged with one of 5 infectious secretions 
obtained from patients with the common cold. Colds developed in 64 or 45 
per cent of these subjects. These results are to be compared with 218 (51 per 
cent) colds that developed in 693 persons who also received one of the same 5 
infectious secretions but gave no history of allergy. 

Among subjects who gave a history of allergic symptoms following the 
inhalation of certain substances, colds developed more frequently (48 per 
cent) than among subjects whose allergic symptoms followed the injection or 
ingestion of particular substances (40 per cent). The statistical possibility 
that the differences between these 2 groups and the nonallergie group occurred 
hy echanee was less than 1 in 100. 

The differences among the male and the female subjects showed the same 
trend as in the entire group. IJfowever, the number of observations in the 
female groups were insufficient to give statistical significance to the differences 
observed. 

Lines 1 to 4 in Table I represent subjects who received no infectious secre- 
tions and whose upper respiratory infections, therefore, represented spon- 
taneous ‘‘eolds.’’ Spontaneous infections were more frequent in subjects with 
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inhalant allergy (15 per cent) than in those with allergy to injected or in- 
gested substances (13 per cent) which in turn were more frequent than in 
subjects with no history of allergy (10 per cent). These differences, however, 
were not statistically significant. 


Presence or Absence of Tonsils and Adenoids.—Subjects were questioned as 
to whether their tonsils and adenoids had ever been removed. The answers were 
verified by an examination of the nose and throat. The difference in the num- 
ber of colds that developed in the 2 groups was negligible. (Table IT.) 


Among the subjects who received infectious secretions, and whose tonsils 
had previously been removed, 122 of 363 (34 per cent) developed colds; 
whereas 147 of 464 (32 per cent) of subjects who gave no history of tonsillec- 
tomy developed colds. Among the subjects who did not receive infectious 
secretions and whose tonsils had previously been removed, 13 of 147, or 9 per 
cent, had symptoms of a cold, as compared with 22 of 162, or 14 per cent, of 
subjects who still retained their tonsils. The differences between tonsillec- 
tomized and nontonsillectomized subjects were not statistically significant in 
either the infected or the noninfected group. 


Tobacco Smoking.—Information regarding smoking habits was available in 
328 subjects who received infectious secretions and in 111 subjects who re- 
ceived control solutions intranasally. The subjects stated whether or not they 
were smokers at the time of the experiment, but in practically every instance 
those who were not smoking at the time of the experiment had never smoked 
at any time. All were cigarette smokers, although some oceasionally smoked 
a pipe also. There was no significant difference in the frequency of experi- 
mental colds in the two groups. (Table II.) 


Among the subjects who received infectious secretions, 35 per cent of the 
smokers and 34 per cent of the nonsmokers developed colds. Among those 
who received control solutions, 14 per cent of the smokers and 10 per cent of 
the nonsmokers had symptoms of a cold. The differences between the smokers 
and nonsmokers were not statistically significant in either group. 


Time in Menstrual Cycle When Experiment Was Performed.—Information 
with regard to menstruation is available on 54 female subjects who were 
chilled during an experiment and 232 who were not subjected to chilling. 
Each subject was asked the date of the onset of her last menstrual period. 
Susceptibility appeared greater during the intermenstrual period and perhaps 
related to ovulation. Accordingly, the data were tabulated upon the assump- 
tion that ovulation occurred at the mid-point of the menstrual cycle, which 
was assumed to be fourteen days from the beginning of the menstrual period 
that immediately preceded the experiment. In Figs. 1 and 2, and Table III, the 
frequeney with which colds developed in these subjects is shown in relation 
to the time before or after the mid-point of the menstrual eyele at which the 
experiment was performed (i.e., the infectious challenge or control solution 
Wis given). 
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Among the subjects who were not chilled, and who were challenged in 
the interval between the onset of the menstrual period and the fifth day before 
the mid-point of the menstrual cycle (that is, in the menstrual and immedi- 
ately postmenstrual phase of the cycle) 23 per cent developed colds. When 
the challenge was given during the mid-portion, or the ovulatory phase, of the 
menstrual eyele, 37 per cent of the subjects developed colds. An infectious 
challenge given during the last or premenstrual part of the cycle caused the 
highest percentage of colds (41 per cent). These differences were not con- 
sidered significant, except possibly in one instance. The probability that the 
difference between Lines 5 and 7 oceurred by chance was less than 1 in 25. 


NO COLD Middle of 
menstrual cycle 


Number of patients 


14121086 42 02 4 6 8 10 l2 14 I6 I8 20 
Before After 


Fig. 1.—Number of experimental colds in relation to the mid-point in the menstrual cycle in 
subjects who were chilled. 


Middle of 
Menstrual cycle 


J NO COLD 


Before After 


Fig. 2.—Number of experimental colds in relation to the mid-point in the menstrual cycle in 
subjects who were not chilled. 


Among the chilled subjects, colds developed much more frequently in sub- 
jects challenged during the ovluatory phase, which was assumed to be from 
4 days before to 5 days after the mid-point of the menstrual cycle (10 colds 
in 13 subjects) as compared with subjects challenged earlier in the menstrual 
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cycle (5 colds in 18 subjects) or those challenged later in the menstrual cycle 
(7 colds in 23 subjects). The probability that these differences occurred by 
chance was less than 1 in 100. 


When the incidence of colds among all the chilled patients was compared 
with that among the patients who were not chilled during the experiment the 
difference was not significant. When the 2 groups of subjects who were chal- 
lenged during the ovulatory phase of the menstrual cycle were compared, the 
incidence of colds was much greater among the chilled subjects (10 colds in 15 
subjects) than among subjects who were not chilled (36 colds in 97 subjects). 
The probability that this occurred by chance was less than 1 in 100. 


TaBLE IIT. FREQUENCY WITH WHICH EXPERIMENTAL COLDS DEVELOPED IN WOMEN: RELA- 
TIONSHIP OF MID-POINT IN MENSTRUAL CYCLE TO THE DAY ON WHICH 


THE EXPERIMENT WAS CONDUCTED 


NUMBER OF SUBJECTS 


CHALLENGED 
SUBJECT DAY OF EXPERIMENT WITH 

LINE TO (NUMBER OF DAYS BEFORE OR AFTER | INFECTIOUS DEVELOPED COLDS 
NO. | CHILLING MID-POINT OF MENSTRUAL CYCLE) SECRETION | NO. | PERCENT 
1 Yes 5 days or more before 18 5) 28 

2 Yes 4 days before to 5 days after 13 10 77 

3 Yes 6 days or more after 23 7 30 

4 Yes Total chilled 54 


5 No 5 days or more before 52 12 23 
6 No 4 days before to 5 days after 97 36 37 
7 No 6 days or more after 83 ' $4 41 
8 No Total unchilled 232 82 35 
X2 P X2 P 
Line 1 vs. line 2 7.30 0.01 Line 3 vs. line 7 0.84 N.S. 
Line 2 vs. line 3 7.20 0.01 Line 4 vs. line 8 0.55 N.S. 
Line 2 vs. line 6 7.47 0.01 Line 5 vs. line 6 3.05 N.S. 
Line 2 vs. line 5 13.47 0.001 Line 5 vs. line 7 4.55 0.04 
Line 2 vs. line 7 5.85 0.02 


DISCUSSION 


Data obtained from clinical histories, epidemiologic investigations, and ex- 
perimental infections!® ‘* all indicate that some individuals develop colds more 
frequently than others. It is extremely important to delineate the host fac- 
tors that are related to susceptibility to the experimental common cold in 
order to find the most favorable situations under which the experimental cold 
may be produced and, if possible, to find the nature of the resistance to in- 
fection. 

We have found that tobacco smoking and the prior removal of tonsils 
bear no relationship to the frequency of development of the experimental com- 
mon cold. Buek* reported that tobacco smoking had no appreciable effect on 
the incidence of naturally aequired colds in a group of 45 families. 

With regard to tonsillectomy, our observations are in accord with the 
conelusions of most observers who studied the relationship of previous tonsil- 
lectomy to the development of naturally acquired colds.*"° The decrease in 
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the frequency of the common cold which follows a tonsillectomy in some chil- 
dren can be accounted for by one or both of the following facts. First, the 
tonsils are often removed because of an unusually high frequency of upper 
respiratory infections in the years immediately preceding the operation, 
whereas these infections may reach a frequency that is nearer the average 
after or within a year or two after the tonsillectomy. Second, since each child 


is older after the tonsillectomy than before, the frequency of colds is likely to 
be less. 


The statement is often made that allergy is predisposing to colds. Siegel 
and his associates®® stated that among a group of adults who reported 5 or 
more colds a year 19.3 per cent gave a history of asthma, hay fever, allergic 
rhinitis, or eczema. Among those who reported less than 3 colds a year, only 
10.1 per cent gave a similar history. A family history of allergy and eosin- 
ophilia of the nasal secretions were also more frequent among the subjects 
who reported 5 or more colds a year. Our experiments demonstrated a slight 
but significant increase in susceptibility to the common cold in subjects who 
gave a history of allergy. It might be contended that the solutions that were 
instilled in the subjects’ nostrils contained substances to which certain sub- 
jects were allergic. We doubt the validity of this explanation since the solu- 
tions were nasal secretions that had been rendered cell-free and for the most 
part bacteria-free and to which only hemoglobin obtained from group O eells 
had been added. Furthermore, we believe that the rigid criteria that were 
applied for the diagnosis of a cold would eliminate a mild allergie rhinitis, 
whereas the observers and the allergic subjects themselves would have diag- 
nosed a more severe allergic rhinitis had it been present. At any rate, what- 
ever the mechanism, it is obvious that more persons with a history of allergy 


have coryzal symptoms of significance after exposure to an infectious agent 
than persons without allergy. 


The inereased incidence of colds among subjects who were challenged 
with infectious secretion and subjected to chilling during the mid-portion of 
the menstrual cycle is an extremely interesting observation. We know of no 
information on this subject with regard to the common cold, but Weinstein 
and his associates*' studied the relationship of the time during the menstrual 
eycle when the clinical manifestations of poliomyelitis appeared. Among 50 
women, the menstrual period began in the 5 days before the first clinical mani- 
festation of poliomyelitis in 30 per cent and in the 4 days after the onset of 
the disease in 48 per cent. In 14 per cent of the patients the menstrual period 
began from the fourteenth to the sixth day before the disease and in only 8 
per cent the menstrual period started somewhere between the fifth and thir- 
teenth day after the onset of the disease. This relationship was not considered 
to be the result of a change in the length of the intermenstrual interval, since 
none of the patients gave a history of an early or late onset of menstruation 
for that particular month. The authors concluded that ‘‘there may be a ecriti- 
eal point in the menstrual cycle in respect to susceptibility to clinical polio- 
myelitis at an interval corresponding to the incubation period preceding the 
beginning of menstruation or about 12 days prior to the onset of menstrual flow.” 
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We have recaleulated these data to determine the relationship of the begin- 
ning of a 12-day incubation period to the mid-point of the menstrual cycle 
(assuming a 28-day menstrual cycle) ; as shown in Fig. 3, the presumed begin- 
ning of the incubation period fell between the 4th day before and the 5th day 
after the mid-point of the menstrual cycle in 39 (78 per cent) of the 50 cases. 
This is the same period in which we found the greatest frequency of develop- 
ment of experimental colds. 

Why subjects who are challenged and subjected to chilling around the 
middle of the menstrual cycle are more likely to develop a common eold than 
subjects who are challenged at that time without being chilled or than sub- 
jects who are challenged and chilled during another part of the menstrual 


Middle of 


= menstrual cycle 
85 
6- 
Balt q 


210864202468 
Before After 


Fig. 3.—Onset of cases of poliomyelitis in relation to the mid-point in the menstrual cycle. 
(Recaleulated from Weinstein and associates.*!) 


cycle is a matter for speculation. It has long been noted that engorgement of 
the nasal mucosa occurred during the premenstrual and menstrual periods and 
during pregnancy.”  Amberson** observed congestion of the bronchial mu- 
cosa around the time of the menstrual period. Mortimer and his associates** 
found that the injection of estrogens in monkeys could produce turgescence 
of nasal mucous membranes. On the other hand, Inouye, Jackson, Dowling, 
and Spiesman®> were unable to establish any correlation between the appear- 
ance of the mucous membranes of the nose at the time of challenge with an 
infectious secretion and the subsequent development of a common cold. It is 
possible that estrogen or some other endocrine secretion acts upon the general 
metabolism or in some other way to produce resistance to the common cold. 


SUMMARY 


1. Among 143 allergic subjects between the ages of 18 and 35 years who 
were challenged with infectious secretions taken from patients with a common 
cold, 45 per cent developed colds, as compared with 31 per cent among 693 
nonallergie subjects who were challenged in the same way. These differences 
were statistically significant. 
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2. Among 363 subjects whose tonsils had previously been removed, colds 
followed experimental challenge in 34 per cent, as compared with 32 per cent 
colds among 464 subjects whose tonsils were intact. 


3. Among 249 persons who smoked tobacco, 35 per cent developed colds 
following experimental challenge, as compared with 34 per cent among non- 
smokers. 


4. Among 13 female volunteers who were chilled and given an infectious 
secretion during the middle third of the menstrual cycle, 10 (77 per cent) de- 
veloped colds as compared with 28 and 30 per cent of subjects similarly treated 
who were challenged during the first or the last third of the menstrual cycle, 
respectively. The differences between the incidence of colds in chilled sub- 
jects challenged during the middle third and those chilled and challenged dur- 
ing the first or last thirds of the menstrual cycle or those challenged during 
the middle third of the menstrual cycle without being chilled, were statisti- 
cally significant. 


We wish to thank Dr. Arthur Boand, Miss Delores Hughes, Mrs. Betty Connor, Mrs. 
Frieda Webb, Dr. Raymond Maurer, Dr. Theodore Wakefield, and Mr. Marvin Turek for 
assistance in this study. 
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STUDIES ON THE ROUTINE LABORATORY DIAGNOSIS OF 
COXSACKIE GROUP B VIRUS INFECTIONS 


I. THe APPLICATION OF TISSUE CULTURE PROCEDURES 


AntHony J. Girarpi, Pu.D.,* KLaus M.D., anp 
IRVING OLSHIN, M.D. 
PHILADELPHIA, PA. 


IRUSES of the Coxsackie B group have been isolated from eases of 

pleurodynia, aseptic meningitis, suspected or proved poliomyelitis, non- 
differentiated febrile illnesses, and even apparently healthy individuals. While 
in some of the cases an etiologic relationship could be clearly established, in 
others the presence of the virus might have been coincidental. In any event, it 
is obvious that a virus diagnostic laboratory must have convenient routine pro- 
cedures for isolation and identification of these agents and for detection of 
antibody responses in the patients. 

While the use of suckling mice led to the discovery of the Coxsackie B 
viruses, it does not lend itself readily to large-scale testing such as a virus 
diagnostic laboratory may be ealled upon to perform. Identification of isolated 
agents by serologic typing and serum neutralization tests with the patients’ 
sera would require too large a number of animals. Crowell and Syverton® were 
the first to report on adaptation of B,, B;, and By, viruses to tissue cultures of 
HeLa cells but they experienced difficulties in cultivating B.. A new member 
of the group, B;, was isolated in tissue eulture by Steigman.* Sickles and 
associates* © reported on the use of tissue cultures of Hela or monkey renal 
cells for isolation of certain Coxsackie A and Coxsackie B viruses. 

This report deals with the development of techniques, their application to 
routine diagnosis of sporadie cases of Coxsackie B infections, and comparisons 
in a few instances of the results recorded in tissue culture with those obtained 
in suckling mice. 

MATERIALS AND METHODS 

Tissue Culture Techniques.—The HeLa strain of human cancer cells was employed in 
these studies. Initially it was maintained as a laboratory stock culture as described by 
Scherer and associates,® and the growth medium used was composed of 40 per cent human 
serum, 58 per cent Hanks’ balanced salt solution (BSS), and 2 per cent acetone-extracted 
chick embryo extract. Later the growth medium used was 20 per cent human serum and 
80 per cent Basal Medium (Eagle) in Hanks’ BSS.7 Before test tube culture production, 
the sheets of cells in the stock culture flasks were washed with 3 changes of 10 ml. of 
Hanks’ BSS and the cells were then suspended by trypsinization or by scraping with a 
rubber policeman into a medium which was composed of 10 per cent horse serum, 60 per 
cent maintenance solution of Scherer,’ and 30 per cent tissue culture medium No. 199. More 
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recently the medium employed has been 10 per cent horse serum and 90 per cent Basal 
Medium (Eagle) in Hanks’ BSS. The tube cultures were seeded with 0.6 ml. of the cell 
suspension containing approximately 6 x 104 cells. After two days this growth medium 
in the tubes was replaced with 1.0 ml. of maintenance medium containing, during earlier 
experiments, 10 per cent horse serum, 30 per cent No. 199 and 60 per cent Earle’s BSS 
reinforced with a small amount of casein hydrolysate* (final concentration 1:500). For 
later experiments 10 per cent horse serum and 90 per cent Basic Medium Eagle in Earle’s 
BSS were employed. The Earle’s BSS was substituted for the Hanks’ BSS in the tube 
maintenance medium because the higher buffering capacity of the Earle’s solution allowed 
longer incubation without fluid renewal. 

Viruses.— 

Laboratory strains: The B, (Connecticut 5) and the B, (Powers) strains were ob- 
tained through the courtesy of Dr. R. S. Huebner of the National Institutes of Health; the 
B, (Redmond) and B, (Naney) strains from the American Type Culture Collection; and 
the B, strain from Dr. G. Dalldorf in the fifth mouse passage. All strains were subjected 
to 2 to 6 further passages in suckling mice in this laboratory prior to adaptation to tissue 
culture. 

Clinical specimens: Stools were received by the virus diagnostic laboratory from pa- 
tients with suspected Coxsackie or poliomyelitis infections. Twenty per cent suspensions 
were prepared in sterile distilled water and clarified by centrifugation at 2,500 r.p.m. for 
20 minutes. The supernatant fluids were treated with penicillin and streptomycin (1,000 
units and 1.0 mg. per milliliter, respectively) and incubated at 36° C. for 60 minutes prior 
to inoculation into culture tubes. Where mold contamination was found, mycostatin 
(Squibb) was employed in final concentration of 1,000 units per milliliter of stool sus- 
pension. Later the stool specimen was swabbed with a cotton swab which was placed into 
2.0 ml. of Hanks’ BSS containing the above-mentioned amounts of penicillin, streptomycin, 
and mycostatin. The swab was incubated in the Hanks’ solution for 30 minutes at 37° C., 
excess fluid was drained, and the swab was discarded. Numerous comparisons between the 
former and the latter method of preparation of stool specimens showed a good correlation. 
Since the stool swab method was technically the easier and speedier one, it was finally 
selected as the routine method. 

Rectal and throat swabs: These were placed into 2.0 ml. of Hanks’ BSS and frozen 
at the time of collection. The fluid was expressed from the swab after thawing and the 
swab was discarded. The preparation was lightly centrifuged (when necessary) prior to 
treatment with penicillin, streptomycin, and mycostatin as described above. 

Spinal fluids: The fluids, collected aseptically and frozen until used, were not sub- 
jected to incubation with antibioties. 

All specimens were inoculated into 3 culture tubes each, employing 0.2 ml. volumes; 
or intraperitoneally into one litter of suckling mice each, using 0.03 ml. per animal. 


Immunologic Typing of Isolated Viruses—The media from cultures showing cellular 
degeneration were harvested and routinely diluted to 10-2 after it was found, 
on numerous titrations of such fluids, that the virus titers were approximately 10-4 
to 10-5, The diluted fluid, 0.3 ml. volume, was added to each of 4 tubes containing 0.3 ml. 
of appropriately diluted hyperimmune sera, respectively: (1) Polio-Coxsackie B mixture, 
a pool containing poliovirus types I to III antisera and Coxsackie group B types 1 to 5 
antisera; (2) Polio-mixture, a pool of poliovirus types I to III antisera; (3) Coxsackie B 
mixture, a pool of Coxsackie B types 1 to 5 antisera; and (4) Hanks’ BSS solution. 

After one hour at room temperature, culture tubes were inoculated with 0.2 ml. of 
one of the various sera-virus mixtures and incubated at 36° C. until tissue degeneration 
Was seen in the control, usually 24 to 48 hours after inoculation. After it was established 
whether the isolate belonged to the poliomyelitis group or Coxsackie B group of viruses, the 
virus type was determined, using type-specific sera following the above procedure. 

Virus Titrations in Mice.—Serial tenfold dilutions were prepared in phosphate 
buffered saline and one litter of 1- or 2-day suckling mice (8 mice per litter) was inoculated 
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per dilution employed. Each animal received 0.03 ml. of the appropriate dilution by the 
intraperitoneal route. They were observed twice daily for a period of 2 weeks for typical 
paralysis and death. 

Virus Titrations in Tissue Culture—These were performed in duplicate cultures of 
HeLa cells employing as inoculum 0.2 ml. of virus in serial tenfold dilutions in Hanks’ 
BSS. Cultures were observed daily for at least 7 days. 

Sera.—Hyperimmune sera were prepared in 5- to 6-week-old Syrian hamsters employing 
hamster-adapted Coxsackie B virus strains. For immunization, 0.2 ml. of a 20 per cent 
suspension of infected suckling hamster muscle was inoculated intraperitoneally. Three 
injections were given at 6-day intervals and the animals were bled by cardiac puncture 
one week after the third inoculation. 

Patients’ sera were prepared from bloods collected as near to the time of onset of illness 
as possible and 2 to 3 weeks later. These were inactivated at 56° C. for 30 minutes and 
stored at -20° C. until serum neutralization tests were performed. 

Serum Neutralization Tests—Hyperimmune animal sera: Virus and serum dilutions 
were prepared in Hanks’ BSS (containing %4 the usual amount of NaHCO,) and 0.3 ml. 
of a virus dilution was added to 0.3 ml. of a serum dilution. Following incubation of 
the mixtures for one hour at room temperature, 2 tissue culture tubes were inoculated 
with 0.2 ml. each and ineubated at 36° C. Cultures were examined for 8 days before 
terminating the experiment. Suckling mice were inoculated with 0.03 ml. of the serum- 
virus mixtures, one litter per preparation, and observed for a period of 2 weeks. 

Each test was accompanied by virus titrations. The viruses were initially titrated 
in the presence and absence of normal hamster serum. However, since no differences in 
titers were noted, Hanks’ BSS was employed in later control titrations. 

Patients’ sera were diluted in twofold steps in Hanks’ BSS starting at a 1:10 or 1:16 
dilution, and 0.3 ml. volumes were distributed into 5 sets of tubes. Tissue culture fluids 
of the 5 prototype viruses, diluted to contain 100 tissue culture doses per 0.3 ml. (based 
on a 2-day eytopathogenie end point), were then added to the serum dilutions; sets 1 to 5, 
respectively. Mixtures containing 0.3 ml. of the initial serum dilution and 0.3 ml. of Hanks’ 
BSS served as a serum control for each specimen. Incubation, inoculation, and virus titrations 
were carried out as outlined above. The results were recorded after the control virus 
titrations indicated that 100 tissue culture doses were being employed as virus challenge (48 
hours). 

When suckling mice were employed for the neutralization tests with patients’ sera, 


100 LD, of mouse-adapted virus were employed, and the animals observed for a 
period of 2 weeks. 


RESULTS 


The Development of Standard Virus and Antisera—Preliminary investiga- 
tion dealt with adaptation of the 5 type B strains to growth in HeLa and with 
the specificity of hyperimmune sera in tissue culture neutralization tests. 


1. Adaptation of type B Coxsackie strains to growth in cultures of strain 
HeLa: Passages in vitro were performed by inoculating 0.1 ml. of a dilution of 
infectious material (prepared in Hanks’ BSS) into culture tubes containing 
1.0 ml. of the maintenance fluid. On first passage, the 5 prototype strains pro- 
duced definite cytopathogenie effects even in dilutions of 10° or greater 
(Column 2 of Table I). However, for rapid serial passages at 1- or 2-day 
intervals, lower dilutions were employed through the first few passages. Later 
passages were performed close to the limiting infective dilutions. After 6 
passages in vitro the original infected mouse tissue had been diluted beyond the 
point where residual virus or toxicity of mouse tissue could be considered as the 
cause of degeneration in the cultures. These dilutions are listed in Column 5 
of Table I. The differences in the final dilution factors are due to passage of 
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the 5 strains at varying dilutions. Furthermore, as will be shown below, the 
eytopathogeniec changes were prevented by specific hyperimmune sera, establish- 
ing the specificity of the cellular degeneration. 


Comparative titrations were performed in suckling mice and in HeLa cul- 
ture tubes with both the starting seed (infected mouse tissue) and the culture 
fluids after 6 passages of the virus in vitro. The results are listed in Table I, 
Columns 1 to 4. The tissue culture titration results include the day when 
definite degeneration was first observed in tubes at the titration end point. 


Taste I, THe or TiTratTions In Suckiine AND TissuE CuLTURE (HELA) 
oF CoXSACKIE B Virus StrrAIns BEFORE AND AFTER PASSAGE IN VITRO 


DILUTION OF 
| ORIGINAL 
ORIGINAL MOUSE VIRUS TISSUE CULTURE PASSAGE NO. 6 VIRUS BY 
MOUSE MOUSE PASSAGE 
VIRUS LD;)/0.03 ML. tTcp*/0.2 ML. LD;,/0.03 ML. Tcp/0.2 ML. IN VITRO 
STRAINS | 1 2 3 4 5 
3 106.5 105.0 4-5 dayst 106.5 107-0 4 dayst 10-22 
B, 105.5 104.0 8 days 103.2 104-0 5 days 10-16 
106.0 105.0 4-5 days 105.0 106.0 3 days 10-20 
106.5 103.0 6 days 105.0 103.5 3 days 10-13 
106.5 104-5 9 days 105.2 105.5 6 days 10-10 


*TCD = tissue culture doses. 
*Days of incubation when degeneration was first noted at end point dilution. 


The infected mouse tissues had higher titers in mice than in tissue cultures 
for all 5 group B types, but on passage in vitro the mouse titers decreased for 
all but type B,. Simultaneously, there was an increase in the tissue culture 
titers of all but types B. and B, which remained about the same. The titrations 
after 6 passages in HeLa cells indicated higher titers in vitro than in mice for 
all but type B, virus. Furthermore, after passage in vitro there was a marked 
reduction in the time necessary for tissue degeneration to be manifest. Five 
additional passages in HeLa cells did not inerease the tissue culture titers. No 
mouse titrations were performed with the eleventh passage materials. 

Storage of the 5 virus strains in the dry ice chest for one year as undiluted 
tissue culture fluid (T.C.,) has resulted in a decrease in the tissue culture titers 
of less than 1 log. 


TABLE IT. HypERIMMUNE SeruM TITRATIONS IN TissuE CULTURE NEUTRALIZATION TESTS 
CoxsaAckKI£ B Virus STRAINS 


SERUM TISSUE CULTURE DOSES OF VIRUS STRAINS NEUTRALIZED 
DILUTION TYPE B,* | tTyPeE B,* | TyPE B,* | tTyPE B,* | TYPE B,* 
Homologoust 


> 100,000 Not done Not done 10,000 100 
10,000 10,000 1,000 100 0 
4,000 1,000 100 32 0 
1,000 100 32 10 0 


*Virus strains employed after 6 passages in cultures of strain HeLa. 


+No heterologous neutralization was noted except a 1:4, but not a 1:10, dilution of Bi 
serum inhibited 1 to 10 TCD of Bs virus. 


Quantitative neutralization tests with hyperimmune sera: For determin- 
ing the titers and specificity of the hyperimmune sera prepared in hamsters, 
oS well as of the tissue culture strains, ‘‘checkerboard’’ titrations were per- 
formed; i.e., several dilutions of the homologous and heterologous sera were 
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tested against several virus dilutions. Separate experiments were performed 
with each virus strain. Table IT shows the results of homologous serum titra- 
tions. The 5 prototype sera proved to be highly specific even when heterologous 
serum dilutions of 1:2 or 1:4 were employed. Heterologous reactions were 
noted only in one instance where a 1:4, but not a 1:10, dilution of B, serum 
neutralized between 1 and 10 T.C., doses of B, virus. 

The specificity noted permitted the use of these sera for immunologic 
typing of isolated agents, and for routine use as standard control sera in neu- 
tralization tests. A 1:20 dilution was selected for immunologie typing except 
for the B; serum where a 1:4 dilution was employed. Immunization with this 
type has given consistently low serum titers in both hamsters and guinea pigs, 
even after a rigorous immunization schedule. 


The Use of HeLa Cells in the Diagnosis of Coxsackie Infections —The 
availability of strain-specifie hyperimmune sera and tissue culture strains of 
the Coxsackie B viruses made it feasible to apply the tissue culture techniques 
in routine diagnosis by: (1) isolation and subsequent identification of virus 


from clinical specimens; and (2) identification of specific antibodies in sera of 
patients. 


TaBLE IIT. Coxsackie B Virus IsoLtaTions From Various Types or CLINICAL SPECIMENS 
IN CULTURES OF STRAIN HELA 


NUMBER OF STRAINS ISOLATED 


TOTALS FOR EACH KIND 


TYPE OF SPECIMEN * OF SPECIMEN 
Stool 1 11 24 13 4 53 
Rectal swab 0 + 3 3 0 10 
Throat swab 0 6 1 10 1 18 
Spinal fluid 1 0 1 0 0 2 a 
Totals for each 
virus type 2 21 29 26 5 83 


1. Isolation and immunologic typing of Coxsackie B virus strains: Tube 
cultures of HeLa cells employed with a variety of clinical specimens resulted in 
83 isolations representing all 5 types of Coxsackie B virus (Table III). Degen- 
eration was noted in culture tubes from 1 to 7 days following inoculation and 
the culture fluids were harvested and passed in tissue culture in the presence 
of standard hyperimmune sera for the 3 immunologic types of poliomyelitis 
virus and the 5 immunologic types of Coxsackie B virus, as deseribed above 
under Immunologie Typing of Isolated Viruses. 

Successful isolation of strains representative of 4 immunologic types of 
Coxsackie B virus was noted from stools, rectal or throat swabs, and from 
2 spinal fluids. In one ease, 2 virus types, B. and By, were isolated and in this 
patient neutralizing antibodies developed to B, virus (1:64) but were not 
detected to B. virus (< 1:16). The quantity of serum was not sufficient to 
employ a lower serum dilution. 

Parallel attempts at virus isolation in suckling mice and HeLa cultures 
were made in a few instances. While the evaluation of comparative suscepti- 
bility of the two systems must await collection of more extensive data, it is 
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apparent from the results presented in Table IV that primary isolation failed 
in tissue culture in some cases where the specimens yielded virus in suckling 
mice, and vice versa. The strains isolated in mice could be typed, however, 
directly in tissue culture without prior passage in HeLa cells. Likewise, those 
strains isolated in HeLa could be passed into mice directly after isolation in 
tissue culture. Thus, the differential results in the two systems may represent a 
problem of sampling or viral concentration since the isolation in mice of Cox- 
sackie B strains which do not readily propagate in HeLa cultures has not 
presented a problem to date. 


TaBLE IV. CoMPARATIVE ISOLATIONS oF COXSACKIE B Virus IN SUCKLING MICE AND IN 
CULTURES oF STRAIN HELA 


l ISOLATION RESULTS IN MICE 
+ 
Tsolation results + 16 5 
in HeLa i 101 


2. Identification of specific antibodies in sera of patients: Results of serum 


neutralization tests in HeLa cell cultures with paired patients’ sera are pre- 
sented in Table V. 


Groups Al and A2: There was a fourfold or greater increase in antibody 
titer to the type of virus isolated in 20 of the 25 eases studied. Five of the 20 
eases showed an heterologous response as well (Group A2). Two of these 5 
eases revealed heterologous titer rises to the B, virus strain; another 2 patients 
showed high heterologous titers to the B, virus in both acute and convalescent 
sera without showing a rise to this agent; and one patient demonstrated an 
heterologous titer to B, virus. 


Group B: In 2 of the 25 patients a specifie inerease of less than fourfold 
was noted. From one of these patients both B. and B, viruses were isolated 
with an antibody response resulting to the B, virus only. 

Group C: Two other patients had high titers against the homotypie virus 
in both aeute and convalescent sera. 


Group D: Finally, in one ease, only a slight inerease in titer to the homo- 
typie virus was noted while marked inereases (sixteen fold or greater) were 
found for two other virus types. 

Although the comparative serum neutralization titrations in mice were very 
limited, essentially similar results were obtained with the first three pairs of 
sera listed in Table V. That is, significant rises in serum titer were observed 
only against the homotypie type B. agent. These titers were < 10/40, 20/320, 
< 20/40, respectively. In two of these cases a slight serologic response 
( < 20/20) was evidenced against the type B, agent as well. Since these few 
neutralization tests required more than 90 litters of mice, no further com- 
parisons were made. 


DISCUSSION 


The 5 immunologic types of mouse-adapted Coxsackie B virus, including 
several strains of type B., were found to propagate readily in eultures of HeLa 


| 


October, 1°57 


J. Lab. & Clin. Med. 


Z 
a 
Z 
= 
a 
= 
=) 
= 


‘ajdwes puoses 


‘guop jou = ‘q'Nt 
tg wines = 'Ss 


>/01> 
‘aN 
‘aN 

91 >/8s> 
‘aN 

998/88 

ol >/0L> 


OL > > 
> 


91 >/8s> 


06/06 


> > 
9L/9L 


ol >/0l> 
oL>/0lL> 
>/0L> 

03/0L > 


< 


> 
91 
OL/OL 
> 
>/0I> 
oL>/0I> 
91 > 
91 > 
91 >/9t > 
91 > 
9T/9L 
91 > /9t > 
91 > 


91/9l > 
49/49 


91 >/8 > 
9L > /91 > 


91 > /8 > 
> 
09/01 

091/0L > 
09/0F 


91 >/8> 
>/8> 
91 >/8> 
996/88 
> 
OL > /0% 
08/08 
ol >/0l> 
¥9/91 
#9/9T 
91/9l > 
91 > 
91 > 
91 > 
91 >/9t > 


> 


68/68 
91 >/9L> 


91 > /8 > 
9L > /9L > 


91 > /8> 
OL >/0L> 
> /0L 
ol >/0l> 
> 


91 >/8 > 
>/8> 
91 >/8> 
91 >/8> 
>/0L> 
02/01 
ol 
>/0L> 
91 > > 
91 > > 
> 
#9/9I > 
> 
#9/9T > 
#9/9I > 


< /OT 


91 > /9L > 
9L > /9L > 


91 > /8 > 
91 > > 


91 > /8 > 


09 < /09T < 


O9T/09T 


</ol> 


08 < /0F 


= 
V 
VVVV 


VVVVVVVVV V 


aoc 


OO oH 


COIN ID IND HH OR 


GG 


16 


06 
61 
LI 


MAM 


a 


‘a 


‘a 


‘a 


| 


SOUIA 


‘s/'S 


(@10H) AASSIL NI SUALIL NOMVZYIVULAAN ad AL 


WOwdS LASNO 


ADOTOUIG ATMOVSXOD 


532 
Vo 
Nu 
| coooe 
ce 
A 
sl 
te 
| 
— 
‘ t 
| 
a 
r 
« a 
‘ i 
a 
VVVVVVV8VAV 
SSSSSSSSSSS 
< 
“E58 
Vv 
} 
| 
| 
91 


Volume 50 COXSACKIE B VIRUSES IN TISSUE CULTURE 533 


Number 


cells. No adaptation problems were encountered with subsequent passage in 
vitro. Furthermore, the tissue culture system employed seemed to provide a 
good menstruum for primary isolation and typing of viruses of the Coxsackie B 
group from clinical specimens. Viruses representative of all 5 immunologic 
types have been isolated from a variety of specimens, including 2 spinal fluids. 
A comparison of the frequeney of isolations in HeLa and in the suckling mice 
showed that in some instances specimens yielded virus in only one of the sys- 
tems employed. However, the agents so obtained could then be transmitted 
readily to the other host so that the failures cannot be aseribed to variant 
strains of virus. It is obvious that for optimal results both HeLa cells and 
suckling mice will have to be used. Virus strains, whether isolated in tissue 
culture or mice, could readily be identified by neutralization tests in tissue eul- 
ture. The tissue culture system also proved to be satisfactory for determination 
of neutralizing antibody responses. In all of 25 eases studied, there was either 
a rise in titer against the homotypie virus isolated (23/25) or both acute and 
convalescent sera showed high titers to the specifie agent isolated (2/25). Where 
a significant heterotypie response was noted as well (6/25) cases, antibodies 
against the B, and B, type were involved. This could possibly indicate a dual 
infection or an anamnestie response in the patient. 


SUMMARY 


Cultures of HeLa cells were employed for routine isolation and immunologic 


typing of viruses of the Coxsackie B group in human infections. Agents of all 
5 types have been isolated from a variety of clinical specimens including spinal 
fluid. Some of the agents were more readily isolated in suckling mice than in 


HeLa cells and vice versa. The first passage strains thereafter were readily 
passed in either system. 


Serologic evidenee of infection was obtained in serum neutralization tests 


employing tissue culture-adapted viruses as antigen, and HeLa cell cultures as 
the host system. 
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STUDIES ON ERYTHROPOIESIS 
VI. ERYTHROPOIETIN IN HUMAN PLASMA 


Cuirrorp W. GuRNEy, M.D., EUGENE GoLpwassER, PH.D., AND CHAO PAN, B.S. 
Cuicaco, ILL. 


HE mechanisms which regulate erythropoiesis have been under intensive 

investigation in recent years. Carnot and Defiandre' were the first to 
suggest a humoral mechanism was of importance in this regulation. Investi- 
gations prior to 1952, largely confined to animals, were summarized in the 
extensive review by Grant and Root,’ and at that time evidence favored the 
humoral control of erythropoiesis. The factor responsible for this control has 
been referred to as erythropoietin by Bonsdorff and Jalavisto.® 

A significant advance was made by Borsook, Graybiel, Keighley, and 
Windsor* when they demonstrated an erythropoietic stimulating factor in 
the filtrate obtained from heat denatured anemic rabbit plasma. Although 
obtained from anemic rabbits, this filtrate could be assayed in the normal rat. 
The appearance of an erythropoietic factor in the plasma of rats or rabbits 
made anemic by phlebotomy or injection of phenylhydrazine has been demon- 
strated by numerous investigators.°° 

Recent investigators have turned their attention to the significance of 
erythropoietin in the human being. Contopoulos and his co-workers* have 
demonstrated a plasma factor from blood of patients with polyeythemia vera 
which is capable of stimulating erythropoiesis in the rat. Linman and 
Bethell"' have demonstrated stimulation of erythropoiesis in the normal rat 
by injections of extracts of plasma from patients with polycythemia vera and 


’ secondary polycythemia. Pilero and co-workers’? have found an erythrocyte 


stimulating factor in the plasma of patients with Cooley’s anemia and sickle- 
cell anemia. Their report also summarizes previous work with human plasma 
by other investigators. 

The purpose of this report is to record the demonstration of erythro- 
poietin in the extract of heat denatured plasma obtained from anemic patients. 
This demonstration has been facilitated by the development of an assay pro- 
cedure by Plzak, Fried, Jacobson, and Bethard'* dependent on the increased in- 
corporation of radioiron into erythrocytes of rats stimulated by the intra- 
venous injection of erythropoietin. Although Gordon, Piliero, Tannenbaum, 
and Siegel’* had previously demonstrated that the hypophysectomized rat was 
capable of responding to anemic rabbit plasma extract with increases of 
peripheral red cell, hemoglobin, hematocrit, and reticulocyte values, Jacobson 


and his co-workers’ '° first clearly demonstrated that the hypophysectomized 
From the Argonne Cancer Research Hospital and the Departments of Medicine and 
Biochemistry, The University of Chicago, Chicago, IIl 
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rat was an extremely sensitive animal for assay of erythropoietin activity and 
that a dramatie increase of Fe®® incorporation into the animal’s erythrocytes 
followed only 2 or 3 injections of anemic rat plasma. The significance of this 
assay method rests in the great increase of red cell Fe*® incorporation, often 
several hundred per cent greater than that produced by normal plasma, re- 
quiring only small amounts of anemic plasma. It has, therefore, become 
possible to avoid lengthy assays in which small rises in peripheral hemoglobin, 
red count, or hematocrit following many injections of a plasma extract repre- 
sent activity of the extract being tested. In the present study this assay pro- 
cedure was used in an attempt to determine the presence of erythropoietin 
in normal and anemic human plasma. 


METHODS 


Fifty to 150 ml. of blood from anemic patients was collected in 250 ml. bottles each 
containing 1 ml. (1,000 units) of heparin, Normal control blood was collected in 500 ml. 
bottles each containing 2 ml. of heparin. Immediately after collection the plasma was 
separated by centrifugation in the cold, removed, and stored in the Deepfreeze until ex- 
traction. 

Plasma was extracte| by the boiling method as described by Borsook and co-workers.4 
The plasma was brought to a pH of 5.5 by addition of 0.1 normal hydrochloric acid, put 
into a boiling water bath for 10 minutes, and filtered. The precipitate was washed twice 
with an equal volume of distilled water, all filtrates being pooled. Employing a rotary 
evaporator, the filtrate was then concentrated to the volume of the original plasma speci- 
men. Sinee normal plasma failed to demonstrate erythropoietic stimulating activity, we 
considered the possibility that erythropoietin might be present in titers insufficient to demon- 
strate in normal plasma by the assay system employed, and some specimens of normal 
plasma were, therefore, concentrated to one-tenth the original volume. Such specimens were 
then dialyzed for 48 hours in order to remove the excessive amounts of electrolytes present 
as a result of concentration. After concentration to the desired volume, the pH was adjusted 
to 7.5 by the addition of 0.1 normal sodium hydroxide, 

An extract of normal plasma was also prepare using perchloric acid. A volume of 
10 per cent perchlorie acid equal to the plasma specimen was added to the plasma slowly 
with continuous stirring. The precipitate was washed two times with 5 per cent per- 
chlorie acid; each washing was with a volume equal to one-half the original plasma vol- 
ume. The supernatant fluid and washings were placed in a Visking Casing bag, dialyzed 
against distilled water for 72 hours, concentrated to the desired volume, and the pH was 
adjusted to 7.5 by the addition of 0.1 N sodium hydroxide. 

Hypophysectomized male Sprague-Dawley rats, 130 to 180 grams in weight, were used. 
The animals in each assay were 8 to 15 days posthypophysectomy when the assay was 
begun. On 2 successive days, 2 ml. of anemic plasma extract were injected in the tail vein 
while the animals were under light ether anesthesia. On the third day a tracer dose 
of 1 to 2 we of Fe5® (activity approximately 2,000 me. per gram of iron) in saline, buffered 
to pH 7.5 with sodium citrate, was injected. Sixteen hours after iron injection, 1 ml. of 
blood was obtained by cardiac puncture for assay. Between successive cardiae punctures, 
the syringe used was rinsed in normal saline and finally in heparin (1,000 units per 
milliliter), The thin film of heparin left in the syringe was sufficient to prevent clotting. 

Blood samples and two aliquots of the standard prepared at the time of radioiron 
injection were counted in a Naney-Wood scintillation counter. Assuming a blood volume 
of 5 per cent of body weight,1% and correcting counts for background, the per cent Fe59 
incorporation in red cells at 16 hours was caleulated. Per cent iron incorporation = 

net counts of blood per minute/ml. x body weight in grams x 0.05 
net counts of standard/ml. 
Results are expressed as average per cent uptake + one standard deviation. Starved, 
norual, male Sprague-Dawley rats of the same age and weight as the hypophysectomized 
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animals were also occasionally used for assay.17 ‘These animals had no food for 24 hours 
prior to the beginning of the assay, and were maintained in the starved condition through- 
out the assay, water being given ad libitum. 

At least one normal plasma control and a saline control assay was run every 2 weeks 
over the duration of the entire study. A normal plasma control was not, however, run 
with every assay. 


RESULTS 


Studies on Normal Plasma.—The average uptake obtained when the ex- 
tracts of individual heat denatured plasma specimens from 10 normal donors 
with hemoglobin above 14 Gm. per cent was used in hypophysectomized rats 
was 3.1 per cent; this value does not differ appreciably from an uptake of 3.4 
per cent when normal saline was used. In starved rats, 3.5 per cent uptake 
was obtained with extract of normal plasma from 6 donors, and an uptake of 
9 3.2 per cent followed the injection of normal saline. These results are sum- 
marized in Table I. It seemed likely to us that normal plasma was not devoid 


TABLE I. INFLUENCE OF ExtRACT OF NORMAL HUMAN PLASMA ON PER CENT OF Fe59 


INCORPORATION IN Rat ERYTHROCYTES* 


Assay of heat denatured plasma from 3.1 = 1.1% 
* 10 normal human donors assayed in 
49 hypophysectomized rats 
Saline control in 40 hypophysectomized rats 3.4 + 14% 
q Assay of heat denatured plasma from 3.5 + 1.7% 
4 5 normal human donors assayed in 
22 hypophysectomized rats 
: Saline control in 25 starved rats 3.2 + 1.1% 


*Average values + one standard deviation. 


of erythropoietin, but that the concentration was so small as to eseape detec- 
tion by this assay. To test this possibility, after precipitation of proteins by 
. heat or perchlorie acid, the supernatant fluid was concentrated 10 times. The 
incorporation of Fe*® into red cells was sufficiently increased, when compared 
to incorporation following injection of saline or unconeentrated plasma ex- 
tracts to indicate that erythropoietin is present in normal plasma. These re- 
sults are summarized in Table IT. 


TABLE II. ERYTHROPOIETIC ACTIVITY OF FRACTIONATED CONCENTRATED NORMAL PLASMA 
(5 Hypophysectomized Rats in Each Group) 


Heat denatured 10 x normal concentration, dialyzed 12.6 + 2.1% 
Normal concentration, dialyzed 2.6 + 1.2% 
Perchloric acid 10 x normal concentration, dialyzed 7.6 + 2.5% 
Normal concentration, dialyzed 2.8 + 13% 


Assay of Plasma From Anemic Patients—Twenty-one plasma specimens 
were obtained from 18 patients with anemia. Twelve were positive, and 9 
were considered equivocal or negative. At this time, we prefer to consider 
only those assays averaging 7 per cent or more in hypophysectomized rats as 
positive (control = 3.1 per cent), although undoubtedly lower values could 
be considered positive if larger numbers of animals were used in each assay. 
Results of these assays are summarized in Table ITI. 

In the first patient, hypoplastic anemia was secondary to Atabrine which 
had been administered on 3 occasions for treatment of chronic discoid lupus 
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erythematosus of the face and sealp, each course being terminated because of 
the development of anemia. The patient was referred to the University of 
Chicago Clinies when, after discontinuance of the last course of Atabrine, the 
red count and hemoglobin continued to fall. There was no evidence for kid- 
ney disease or other systemic disease in the history, physical examination, or 
laboratory studies. Plasma was obtained on 4 oceasions during the course of 
the illness. The first 2 specimens were strongly positive. The plasma for 
each of these assays was drawn immediately prior to transfusion of whole 
blood. The third plasma sample was obtained 4 days after transfusion of 
blood to hemoglobin of 10.8 Gm. per cent, and on this oceasion, activity was 
no longer demonstrable. The patient subsequently improved and the hemo- 
globin fell slowly and has temporarily stabilized at a level above 9 Gm. The 
last plasma specimen was obtained at this time, and again was negative. 

The second patient was critically ill with a hypoplastic anemia of un- 
known etiology when admitted to the hospital, and for this reason, phlebotomy 
was considered contraindicated. However, from blood removed from the heart 
at post-mortem examination, 6 hours after death, it was possible to obtain 
plasma which still yielded a positive result, the average uptake in hypophysee- 
tomized rats being 7.2 per cent. 

The third patient with hypoplastic anemia of unknown etiology, of 6 
months’ duration, on 2 occasions revealed virtually complete aplasia on both 
smear and section of the material obtained. Twenty-six and nine-tenths per 
cent of the tracer dose of FeCl, was incorporated in the rat red eells. It 
has been shown that radioactive iron is removed from the plasma within 4 to 
6 hours after its injection,'® but this amount of Fe®® incorporation was so spec- 
tacular that we wished to be sure we were measuring Fe*® intimately associated 
with erythrocytes, and not plasma iron mobilized from stores into plasma. 
Therefore, to each 1 ml. blood specimen, 5 ml. of normal saline was added, 
and after centrifugation, 5 ml. of supernatant fluid (saline and plasma) was 
removed. The remaining 1 ml., consisting of red cells, some plasma, and saline, 
was again counted and the calculated uptake was 26.4 per cent. The close 
agreement of activity of samples before and after washing demonstrates prac- 
tically all the Fe*® is associated with the red cells, and little is free in the 
plasma. 

Plasma from a primaquine-sensitive subject* was obtained for assay on the 
fifth day of primaquine ingestion. Following administration of the drug, the 
subject responded with an acute hemolytic episode with the hematocrit falling 
from 45 to 30 per cent in 5 days. The plasma of this patient was positive for 
erythropoietin activity, averaging 8.2 per cent. 

Six leukemic patients are included in this study to date. The extract of 
plasma from Patient 6 assays strongly positive. Although 2 of 5 animals 
showed a strong positive assay to extract of plasma from Patient 7, the other 
3 animals in this assay group diced. Sufficient plasma was available for assay 
in starved rats, and although the magnitude of the increase of Fe®® incorpora- 
tion into red cells is smaller, the result is positive. Plasmas from Patients 8 


*Kindly supplied by Drs. Alf Alving and Stanley Schrier. 
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and 9 were positive. In keeping with our arbitrary assumption that incorpora- 
tion of 7 per cent or more of the administered dose is required before an 
assay be considered positive, plasma from Patient 10 is classified as negative, 
although 6.3 per cent incorporation clearly exceeds any of the control values. 
Patient 11 had chronie granulocytic leukemia accompanied by mild anemia. 
Assays of extracts of his plasma were negative in both hypophysectomized 
and starved rats. 


Positive results were obtained when extracts of plasma from patients with 
pernicious anemia, acute gastrointestinal hemorrhage, and Hodgkin’s disease 
with anemia were assayed. 

Diagnoses of patients whose plasma extract was negative or equivocal 
are enumerated in Table III. Only Patients 11 and 16 were in a good state 
of nutrition. Patient 17 was in a poor state of nutrition and has persistently 
in the last year had a hemoglobin under 9 Gm, The remaining patients were 
cacheetie and considered to be approaching terminal status at the time blood 
was obtained for assay. 


DISCUSSION 


The rats used for assay in this study have plasma volumes of approxi- 
mately 3.5 ml. Therefore, it is logical to inquire as to why the erythropoietin 
in 4 ml. of normal plasma is not sufficient to stimulate erythropoiesis. Al- 
though we cannot answer this question at the present time, we believe there 
is loss of activity of plasma after removal from the body.’® We are not now 
able to ascertain exactly how much erythropoietin is lost in the extraction 
employed here, but preliminary studies in our laboratories suggest about 50 
per cent loss.'* If the rate of in vivo turnover is great, it may be that several 
times that amount of erythropoietin present in the normal rat at any one 
time would have to be given to the hypophysectomized or starved rat over a 
2-day period in order to increase erythropoiesis. And finally, if under physi- 
ologie circumstances the rat should have a higher concentration of erythro- 
poietin than the human, concentrations which would be normal for the latter 
would not be sufficient to produce an optimal response in the rat. 

It is apparent that without concentrating the plasma extract, an active 
erythropoietic stimulating principle can be demonstrated in the heat denatured 
extract of plasma from human beings with a variety of anemias. It is not 
entirely clear at this time why a high titer of erythropoietin cannot be dem- 
onstrated in the plasma of all anemic subjects. A recent abstract by Prentiss 
and Mirand*® reports demonstration of erythropoietic activity in plasma of 
10 to 15 patients with anemia, using the assay procedure first employed by 
Fried, Plzak, Jacobson, and Goldwasser.’® The diagnoses associated with the 
anemias were not stated. In their study the extract was concentrated 3 times. 
It is probable that some of our extracts which were negative would have 
heen positive had the plasma been concentrated. We chose not to concentrate 
plasma extracts in this initial clinical study for two reasons. First, we have 
heen reluctant to remove routinely more than 50 ml. of blood from severely 
anemie patients until we had thoroughly evaluated the results we could ob- 
tain by assaying a series of anemie plasmas without concentrating them. See- 
ond, if it is to give the most meaningful results, concentration of anemic 
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plasma should be as many times as is required to demonstrate activity in 
normal, nonanemic plasma. Although we have demonstrated activity in 
normal plasma extracted by perchloric acid precipitation or heating and con- 
centrated 10 times, we have not yet determined in a large series of normal 
plasma specimens the minimum number of times the filtrate from heat de- 
natured normal plasma must be concentrated in order to demonstrate activity. 
Concentration of extracts of anemic plasma an arbitrary number of times may 
yield a few more positive assays. It will not, however, make negative results 
any more meaningful. Negative assays will be significant only when they 
indicate decreased concentrations of erythropoietin in plasma of anemic sub- 
jects. We have chosen not to concentrate extracts of anemic plasma until 
we have determined the number of times we must concentrate them in order 


to make a negative result indicative of decreased erythropoietin concentra- 
tions. 


It may be, however, that failure to demonstrate erythropoietin in the 
plasma of all anemic patients cannot in every instance be attributable to in- 
sensitivity of the assay method. It appears possible to.us that some anemic 
states may be accompanied by and to some degree attributable to a decreased 
concentration of erythropoietin, with a new steady state being established at 
hemoglobin levels less than normal. 

Bethard and Wissler*! have demonstrated reduction of the rate of 
erythropoiesis in protein depleted rats as measured by Fe®® uptake, and 
Fried, Plzak, Jacobson, and Goldwasser™ have reported a decreased rate of 
erythropoiesis in acutely starved animals. It may be that in some patients, 
as in Patients 14 and 15 with earcinoma, starvation contributes to decreased 
erythropoiesis by decreasing erythropoietin production. Finally, in light 
of recent evidence reported by Jacobson and associates*? suggesting that 
erythropoietin is produced in the kidney, it is interesting to speculate that 
decreased production of erythropoietin may have contributed to failure to 
demonstrate activity in the extract of anemic plasma of a patient with 
chronic renal disease. Excessive excretion of erythropoietin in chronic renal 
disease is still another possibility which warrants investigation, particularly 
since an erythropoietic stimulating factor has been demonstrated in the urine 
of an anemie patient by Piliero and co-workers.” 


The appearance of increased concentration of erythropoietin in animals 
following bleeding or hemolysis,*® '**° the high concentrations of erythro- 
poietin in several of our patients, and the prompt disappearance of the high 
concentration in one patient following blood transfusion suggests to us the 
possibility that the homeostatic mechanism by which a patient responds to 
anemia by increased erythropoiesis is mediated through production of in- 
creased amounts of erythropoietin. If future investigation substantiates this 
hypothesis, it is apparent the assay method as now employed is not very 
sensitive, since reticulocyte counts as high as 8.9 per cent were found in patients 
whose plasma failed to demonstrate activity on bio-assay. 


It is clear that a relationship does not of necessity exist between severity 
of anemia and erythropoietin concentration or degree of reticulocytosis and 
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erythropoietin concentration. A hemoglobin of 5.2 is associated with a 
plasma erythropoietin concentration sufficient to increase Fe** incorporation 
sixfold in the case of hypoplastic anemia, while the plasma of a nephritic 
patient with a comparable anemia failed to demonstrate activity by the method 
employed. The bone marrow may be refractory to the stimulus produced by 
an increased erythropoietin content, as in Patient 5 with leukemia where no 
reticulocytes were present, while levels of erythropoietin sufficiently below 
the threshold of detection by this method may still be associated with a 
reticulocytosis, as in Patients 1, 11, and 18. 


We are led to postulate that patients with severe anemia have a high 
plasma titer of erythropoietin unless its production is decreased or its destrue- 
tion or excretion is increased. In those instances where the patient will 
spontaneously correct the low hemoglobin levels, as following acute hemor- 
rhage and drug induced hemolytic anemia, we believe the elevated erythro- 
poietin concentration will be found to decrease as the hemoglobin rises. The 
erythropoietin content may be expected to remain high in anemias which are 
not correctable by the unaided homeostatic body mechanisms, but will prob- 
ably be found to decrease following blood transfusion to a normal level or 
following rise of hemoglobin to a normal level, as in pernicious anemia ade- 
quately treated with B,.. Finally, we believe future work may indicate some 
anemias will be attributable to decreased or absent erythropoietin production. 
The recent investigation of Pilero and co-workers” suggests primary red eell 
anemia of children may be such a disease. Since cobalt appears to act by 
increasing the production of erythropoietin,®® it is reasonable to anticipate 
anemias associated with renal disease, chronic infection, neoplasm, and rheu- 
matoid arthritis, all responsive to cobalt administration**** may be attributed 
to low plasma erythropoietin concentrations and may, therefore, respond 
to erythropoietin when a preparation sufficiently potent and pure enough 
to permit clinical trials becomes available. The decreased rate of iron 
incorporated in the red cells of starved rats and the response in these animals 
to anemie rat plasma’ suggest anemias accompanying starvation and eachee- 
tie states may be at least partially the result of low plasma erythropoietic con- 
centrations. 


SUMMARY 


1. Using the incorporation of into erythrocytes of hypophysectomized 
or starved male Sprague-Dawley rats, erythropoietin has been demonstrated 
in normal plasma. This required tenfold concentration when plasma extracts 
are prepared by heat denaturization or perchloric acid precipitation. 

2. Without concentrating the plasma extracts, erythropoietin has been 
demonstrated in heat denatured plasma extracts of 10 anemic subjects. 


3. Hypoplastic anemia, in 3 patients, cannot be attributed to decreased 
erythropoietin concentration. 

4. High erythropoietin concentrations in the blood of one patient with 
hypoplastic anemia fell promptly following blood transfusion. 

5. Failure to demonstrate activity by this method is not necessarily in- 
Jieative of decreased erythropoietin concentrations. 
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6. The results of this study are consistent with the hypothesis, first 


formulated by Carnot and Deflandre in 1906, that the rate of erythropoiesis 
is mediated by a humoral mechanism. 
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OBSERVATIONS ON THE NATURE OF THE ERYTHROPOIETIC 
SERUM FACTOR 


Il. Eryruroporetic Activiry or SERUM AND BoNE Marrow AFTER TIME 
LimMItED ExposuRE TO ANEMIC AND Hypoxic ANOXIA 


ALLAN J. Ersiev, M.D. 
Boston, Mass. 


HE rate of red cell production, although conditioned by many known 

minerals, vitamins, and hormones, appears to be controlled by the tissue 
tension of oxygen. The physiologic mechanism responsible for this control is 
unknown. However, it has been suggested that a humoral erythropoietic fac- 
tor might serve as a mediator between a specific oxygen sensitive tissue and 
the bone marrow.’ 

Recently, this concept has received experimental support by the demon- 
stration of an erythropoietic factor in plasma and serum from animals exposed 
to anemie and hypoxie anoxia (see review by Erslev*). The erythropoietic 
factor has not been isolated or purified as yet, but. it has been found to be 
present in a nondialyzable fraction of the protein-moiety of serum.* 

In order to define further the physiologic mechanism of the control of 
erythropoiesis, the time relationship between the induction of tissue anoxia 
and the appearance and persistence of erythropoietic factor in serum was 
studied. 


METHODS 


Adult, white male New Zealand rabbits weighing 2.2 to 3.2 kilograms were used 
throughout. Anemie anoxia was induced by a single bleeding of 20 ml. per kilogram body 
weight. In order to minimize circulatory adjustment, the bleeding was promptly followed 
by an intravenous infusion of an equal volume of 6 per cent dextran in saline. The 
anemia was terminated by reinfusion of the blood removed for which heparin was used 
as anticoagulant. 

Hypoxie anoxia was induced by exposing the animals to 10 or 11 per cent oxygen 
at normal barometric pressure in an airtight chamber. The oxygen level was kept con- 
stant by admitting compressed room air and pure nitrogen at flow rates sufficient to 
provide a total air flow per minute of 4 liters per animal. An electric fan maintained 
even oxygen concentration in the chamber, while calcium chloride and calcium hydroxide 
removed excessive moisture and carbon dioxide. 

The serum obtained within a few minutes after the termination of the anoxic periods 
was bio-assayed for erythropoietic factor. For each bio-assay 3 to 4 animals were ex- 
sanguinated and their serum pooled. The technique used in the bio-assay has been de- 
scribed in detail in a previous publication. In short, 50 ml. of the serum to be tested was 
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infused intravenously into normal rabbits once a day for 4 days. Reticulocyte counts and 
hemoglobin concentrations were followed for 7 days, and the magnitude of the reticulocyte 
response was taken as an index of the erythropoietic activity of the infused serum. 
Reticulocyte counts were made from blood smears on cover glasses, prepared with 
brilliant cresyl blue. The smears were counterstained with Wright’s Stain. One thousand 
red cells were counted. During anemic periods the reticulocyte percentages were corrected 


for the fall in the total number of red cells, and expressed in per cent of the initial red 
cell count, 
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Fig. 1.—Charts in upper row: Mean hemoglobin concentrations and mean and individual 
reticulocyte percentages of normal rabbits bled 20 ml. per kilogram with immediate restoration 
of blood volume by 6 per cent dextran in saline. In different groups of rabbits the anemia 
was terminated 3, 6, 20, or 48 hours later by reinfusion of the previously removed blood. Dur- 
ing the anemic periods reticulocyte percentages were corrected for the decrease in the number 
of red blood cells. Charts in lower row: Mean hemoglobin concentrations and means and 
individual reticulocyte counts of normal rabbits receiving four daily infusions of 50 ml. of 


——. Serum was obtained from groups of rabbits after 3, 6, 20, or 48 hours of anemic 
anoxia. 


RESULTS 


1. Reticulocyte Response to Anemic Anoxia—Groups of normal rabbits 
were rendered anemie by blood loss (Hgb. < 7.0 Gm. per cent) for 3, 6, 20, 
or 48 hours. After such intervals the anemia was terminated by reinfusion 
of the blood drawn. The individual and mean reticulocyte responses to this 
acute, time-limited anemia are charted in the upper portion of Fig. 1, along 
with the mean hemoglobin concentrations. A moderate increase in the num- 
ber of reticulocytes was observed in most animals kept anemic for 6 hours. 
Anemia maintained for 20 hours induced a significant reticulocytosis, although, 
less pronounced than the response observed after 48 hours of anemia. 
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2. Erythropoietic Activity of “Anemic” Serum.—Groups of rabbits ren- 
dered anemic by blood loss (Hgb. < 7.0 Gm. per cent) for 3, 6, 20, or 48 hours 
were bled to death and the serum from each group bio-assayed for erythropoi- 
etie activity. The results are shown in the lower portion of Fig. 1. Serum 
from animals kept anemic for 3 hours was only questionably active, while 
serum from animals kept anemic for 6 hours showed a definite erythropoietic 
activity. Even greater activity was present in serum from animals kept 
anemic for 20 hours and 48 hours. Serum from animals with a hemoglobin 
concentration maintained at less than 7 Gm. per cent for 5 days, revealed 
erythropoietic activity similar to the activity found after 20 and 48 hours of 
anemia (Fig. 2, A). 
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Fig. 2.—Mean hemoglobin concentrations and mean and individual reticulocyte counts of 
normal rabbits receiving four daily infusions of 50 ml. of serum. 4A, Serum obtained from 


rabbits after five days of sustained anemia (Hemoglobin <_ 7.0 Gm. per cent). B, Serum 
obtained from rabbits 3 hours after the termination of a 20-hour period of anemic anoxia. 


3. Erythropoietic Activity of Serum After Termination of Anemic An- 
oxia,—Rabbits rendered anemic by blood loss (Hgb < 7.0 Gm. per cent) for 20 
hours, were bled to death 3 hours after the anemic anoxia had been terminated 
by means of reinfusion of the previously removed blood. Bio-assay of this 
serum revealed an almost complete disappearance of erythropoietic activity 
(Fig. 2, B). 

4. Reticulocyte Response to Hypoxic Anoxia.—Groups of normal rabbits 
were exposed to 11 per cent oxygen for 3, 6, or 20 hours and their erythro- 
poietic response was compared with results obtained in a previously reported 
study, with rabbits exposed to 10 per cent oxygen for 48 hours. As shown 
in the upper portion of Fig. 3 no reticulocyte response followed 3 and 6 hours 
vf hypoxia. Hypoxia lasting 20 hours and 48 hours were followed by a definite 
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increase in the number of reticulocytes. However, comparison with Fig. 1 
shows that the response to hypoxic anemia in each instance was less than the 
response to anemic anoxia of corresponding duration. 


5. Erythropoietic Activity of “Hypoxic” Serum.—Groups of rabbits ex- 
posed to 11 per cent oxygen for 3, 6, or 20 hours and another group of rabbits 
exposed to 10 per cent oxygen for 48 hours* were bled to death and the sera 
from each group of animals were bio-assayed for erythropoietic activity. As 
shown in the lower portion of Fig. 3 the activity of these sera corresponded 
closely to that of sera from rabbits kept anemic for corresponding periods 
of time. 
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Fig. 3.—Charts in upper row: Mean hemoglobin concentration and mean and individual 
reticulocyte counts of normal rabbits exposed to ambient air with an oxygen concentration of 
10 or 11 per cent. In different groups of rabbits the hypoxia was terminated after 3, 6, 20, 
or 48 hours. Charts in lower row: Mean hemoglobin concentration and mean and individual 
reticulocyte counts of normal rabbits receiving four daily infusions of 50 ml. of serum. 
Serum was obtained from groups of rabbits after 3, 6, 20, or 48 hours of hypoxic anoxia. 


DISCUSSION 


A reduction in the oxygen carrying capacity of blood, or a reduetion in 
the oxygen saturation of its hemoglobin will result in a decrease in the tissue 
tension of oxygen.® Under physiologic conditions, this decrease is associated 
with an inereased rate of red cell production and with the appearance of 
erythropoietic factor in the serum. 
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In the study reported here, an acute anemic anoxia with a reduction in 
hemoglobin concentration to approximately 50 per cent of normal was induced 
by means of a single bleeding and maintained for 3, 6, 20, or 48 hours. 
Changes in the number of reticulocytes during the next 6 days were used to 
evaluate the effect of these periods of anoxia on the bone marrow. A slight 
increase in erythropoietic activity was noticeable after 3 hours of anemic 
anoxia, with a further progressive increase as the periods of anoxia were pro- 
longed. The reticulocyte responses occurred after a delay of 48 hours without 
evidence of a significant immediate release of reticulocytes. 


Erythropoietie activity of serum obtained at the end of the anoxic periods 
was found to be slight, but measurable after 3 hours, was definite after 6 hours 
and very significant after 20 hours of anemic anoxia. Anemic anoxia main- 
tained for 48 hours or for 5 days, was associated with the same degree of 
erythropoietic activity of serum, as after 20 hours. After termination of the 
anemic periods, the erythropoietic activity of serum was found to have almost 
completely disappeared in three hours. 

From these data, it is impossible to state definitely whether the appear- 
ance of erythropoietic activity in serum precedes increased bone marrow ac- 
tivity, or whether the erythropoietic factor merely reflects increased mitotic 
activity of the normoblastic¢ tissue in the bone marrow. However, it has been 
shown that anemic anoxia in animals that have received nitrogen mustard is 
associated with erythropoietic activity of the serum, despite complete absence 
of erythropoietic activity of the bone marrow.’ Consequently, it seems likely 
that erythropoietic activity of serum precedes erythropoietic activity of the 
bone marrow. This would support the hypothesis that tissue anoxia controls 
the production or release of an erythropoietic factor, which in turn controls 
the rate of red cell production. Further support for this hypothesis comes 
from the observation that erythropoietic activity of serum, induced by anemic 
anoxia, disappears rapidly after correction of the anemia. 

Acute hypoxie anoxia was induced by exposing animals to air mixtures 
containing 10 or 11 per cent of oxygen. Hypoxie anoxia lasting 3 and 6 hours 
was not followed by any significant increase in the number of reticulocytes. 
Hypoxie anoxia of 20 hours’ duration was followed by a definite reticulocyte 
response, although less than the response observed? after 48 hours of hypoxie 
anoxia. The inerease in erythropoietic activity of the bone marrow was less 
in all groups than the inerease observed after anemie¢ anoxia of a correspond- 
ing duration. This difference in response might be due to a difference in the 
degree of tissue anoxia. It is very possible that a 50 per cent reduction in 
hemoglobin concentration will result in a more severe tissue anoxia than a 
o0 per cent reduction in the oxygen concentration of ambient air. However, 
the anoxic insult in both the anemic animals and in the hypoxic animals was 
close to the limit of tolerance, with a 10 to 15 per cent mortality. Further- 
inore, the erythropoietic activity of sera obtained immediately after corre- 
sponding periods of hypoxic anoxia and anemic anoxia were strikingly similar. 
These considerations suggest that the degree of anoxia in the anemic animals 
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and in the hypoxic animals were approximately the same. The difference in 
bone marrow response could conceivably be related to the fact that compensa- 
tory hyperventilation and alkalosis occur in animals with hypoxie anoxia, 
and not in animals with anemic anoxia. 


The tissue or organ in which a low tissue tension of oxygen causes an 
elaboration of the erythropoietic factor is still unknown. Saline extracts from 
various tissues including bone marrow, spleen, liver, thymus, lung, and kid- 
neys obtained from anemic animals have not been shown to be erythropoieti- 
cally active.® 

Pituitary extracts have been shown to possess some erythropoietie ac- 
tivity...* However, it appears unlikely that the erythropoietic factor is pro- 
duced in the pituitary gland, since this factor has been found in the serum of 
hypophyseectomized animals exposed to anemie anoxia.” Recently, Jacob- 
son and co-workers" have suggested that the erythropoietic factor is produced 
in the kidneys. Unfortunately, observations on uremic rabbits do not support 
this attractive idea.’* First, serum from rabbits rendered both anemic and 
uremic showed a low level of erythropoietic factor whether the uremia was 
induced by bilateral nephrectomy or by bilateral ureter ligation. Further- 
more, the bone marrow of nephrectomized rabbits continued to be active 
despite the complete absence of kidney tissue. That the factor is not elabo- 
rated in the blood stream itself is suggested by the fact that plasma from nor- 
mal whole blood, equilibrated in vitro against pure nitrogen for 24 hours, 
failed to show erythropoietie activity. Likewise, plasma from whole blood of 
anemic animals remained erythropoietically active despite equilibration 
against air mixtures with 21 per cent oxygen and 100 per cent oxygen for 
24 hours.*® 

That some specific tissue system must be responsible for the elaboration 
of the erythropoietic factor seems obvious, but much more work and probably 
a less laborious bio-assay technique will be necessary before this system and 
the physiologic mechanism responsible for the production of erythropoietic 
factor can be identified. 


SUMMARY 


Anemie anoxia with a 50 per cent reduction in hemoglobin concentration 
or hypoxic anoxia with a 50 per cent reduction in the oxygen tension of am- 
bient air were induced and maintained in groups of normal rabbits for 3, 6, 
20, or 48 hours, respectively. The reticulocyte response to the anoxia was 
determined in each animal, as well as the erythropoietic activity of serum ob- 
tained at the end of the anoxie periods. 

In animals with anemic anoxia a moderate inerease in the number of re- 
ticulocytes was found after 6 hours of anemia, with progressively greater in- 
creases in the reticulocyte response after 20 and 48 hours of anemia. In ani- 
mals with hypoxic anoxia there was no response after 3 and 6 hours of 
hypoxia, while 20 and 48 hours induced significant reticulocyte responses. 


However, these were lower than in the animals kept anemic for corresponding 
durations of time. 
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The erythropoietic activity of the pooled serum obtained at the end of the 
anemie periods was found to be questionable after 3 hours, definite after 6 
hours, and maximal after 20 hours. Maintenance of the anemic state for 48 
hours or for 5 days did not change the activity of the serum. The erythro- 


poietic activity of serum from animals with hypoxic anoxia corresponded 


closely to the activity of serum from rabbits kept anemic for the same length 
of time. 


Serum obtained 3 hours after the termination of a 20-hour period of 
anemie anoxia was found to have only minimal erythropoietie activity. 


I wish to thank Miss Elva Ruiz for valuable assistance in this study. 
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NEONATAL SEROLOGIC DIAGNOSIS OF HEMOLYTIC DISEASE 
OF THE NEWBORN CAUSED BY ABO INCOMPATIBILITY 


Kurt Stern, M.D., Davipsonn, M.D., AND ARNOLD Buznitsky, B.A. 
Cuicaco, IL. 


more difficult if the disease is caused presumably by maternal isosensitiza- 
tion to the A or B antigen than when Rh incompatibility is responsible. In 
addition to the fact that most cases of AB-hemolytic disease are clinically 
mild, we are faced with a more complex serologic situation than is the ease in 
HDN caused by sensitization to the Rh factor or even to other, more rarely 
involved, blood factors. In all other eases of HDN, detection in maternal 
serum of the antibody for a blood factor present in the infant’s red cells repre- 
sents prima facie evidence, whereas in HDN eaused by AB incompatibility 
investigation of the maternal serum is hardly ever conclusive: physiologic or 
so-ealled “natural” isoagglutinins for the red cells of the infant are always 
present. Consequently, immunologic studies must be used to demonstrate 
quantitative and, if possible, qualitative changes in the antibody, especially 
the presence of “immune” or-incomplete anti-A or anti-B. For the purpose of 
this presentation, complete isoagglutinins are defined as antibodies capable of 
agglutinating saline-suspended red cells, whereas incomplete isoagglutinins are 
antibodies not capable of doing so, but require the use of the indirect anti- 
globulin technique and/or papain-treated red cells for their detection. 

The interpretation of results of prenatal and neonatal studies of maternal 
serum is further complicated by the fact that relatively high titers of incom- 
plete (“immune”) isoagglutinins may be found in ABO-heterospecifie preg- 
nancies that are not associated with HDN. Finally, neonatal diagnosis on the 
infant’s blood present a further difficulty: in contrast to HDN caused by Rh 
and other isoantibodies, the direct antiglobulin (Coombs’) test on the red cells 
of the infant is only rarely positive. In those rare cases the reaction is feeble, 
and requires special techniques for demonstration. 

These circumstances have prompted many authors to investigate the 
possibility of finding some other method of diagnosis of the disease. Pertinent 
literature will be reviewed later. 

The primary purpose of the present study was to test for the presence of 
the incompatible agglutinin in cord bloods of normal infants, as well as of 
infants suspected of or diagnosed as having HDN attributable to ABO incom- 
patibility. We assumed that the situation in ABO incompatibility would be 
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HE diagnosis of hemolytic disease of the newborn (HDN) is considerably 
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similar to that in Rh incompatibility, namely, that the offending antibody must 
traverse the placental barrier and hence appear in the infant’s blood. In 
analogy to Rh sensitization, we assumed that incomplete antibodies would be 
probably associated with presence of disease. A preliminary report of this 
work was presented in 1956.1 


MATERIAL AND METHODS 


Most specimens tested were cord blood obtained at the time of delivery from pre- 
sumably normal infants. The specimens were collected as clotted blood, Although 
heterospecific pregnancies were of primary interest, cord bloods from homospecifie preg- 
nancies were also tested. Some of the specimens, especially those of infants suspected 
of or diagnosed as having HDN, were venous blood. 

ABO and Rh types were determined within 24 to 48 hours. Serum was separated 
from the red cells as soon as possible, and, if not tested immediately, was stored frozen 
at —20° C. Most tests were carried out with specimens not more than 1 to 2 days old. 
Blood groups and Rh types of the mothers were available from prenatal tests, and re- 
checked whenever indicated, 

Isoagglutinins were tested for by volumetric titrations in which 0.1 ml. of the red 
cell suspension was added to 0.1 ml. of serum and of twofold serial dilutions of the serum. 
The following techniques were employed: 


1. Mixtures of 2 per cent saline-suspended red cells and serum dilutions were cen- 
trifuged immediately (30 seconds in a small table centrifuge, commercially available as 
‘‘Serofuge’’2), and the readings recorded. 

2. The tubes used in Technique 1 were shaken gently, incubated for 2 hours in a 
water bath at 37° C., read, and the results recorded. 

3. Tubes not showing agglutination were converted into indirect antiglobulin tests. 


4. In another set of titrations, papain-treated red cells} were added to the serum 
and serum dilutions and incubated at 37° C, for % hour. 

5. Some specimens were also tested in a macromolecular medium, by using 2 per 
cent suspensions of red cells in 30 per cent bovine albumin and AB serum for dilution of 
the serum. Since this procedure did not produce agglutination as frequently as the other 
methods, it was omitted from the latter part of the study. 

All tests were carried out with pooled fresh cells obtained from at least two indi- 
viduals of groups A,, B, and O. The latter cells were included as control for possible de- 
tection of nonspecific agglutinins. 


RESULTS 


Incompatible agglutinins were found in 6 of the 48 combinations of 
mother O-baby A, in 3 of the 10 combinations of mother B-baby AB, in 4 of 
the 27 combinations of mother O-baby B, and in one of the 11 combinations 
of mother A-baby AB. No instance of incompatible agglutinins was found 
among the other combinations. In 4 of the 14 cord bloods with incompatible 
agglutinins the antibody was complete. Clinical and hematologie examina- 
tion of the 14 infants with incompatible agglutinins failed to disclose evidence 
of hemolytic disease. 

In all 34 eases of hemolytic disease of the newborn, in which the pre- 
sumptive diagnosis was first made on the basis of clinical and hematologic 
findings, incompatible incomplete agglutinins were present (Table I). In 
most instances both the antiglobulin technique and the test with enzyme- 
treated red cells gave positive results, but in 5 instances only the test with 
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papain-treated red cells, and in 4 only the antiglobulin test were positive. 
With either method the titers were low, rarely showing agglutination in serum 
dilutions higher than 1:2. 


TABLE I. INCOMPATIBLE AGGLUTININS IN INFANTS WitH HDN Causep By ABO 
INCOMPATIBILITY 


METHOD CAPABLE OF DETECTING 
ANTI-A ANTI-B 

BLOOD GROUP NO. OF AGT + AGT + 
MOTHER | INFANT CASES ‘ PAP. AGT PAP. PAP. 

O A 26 19 

B AB 

Oo B 

A AB 

Total 

AGT = Antiglobulin technique. 
PAP. = Papain-treated red cells. 


In order to compare and evaluate the transplacental transfer of complete 
and incomplete anti-A and anti-B isoagglutinins, cord blood of homospecific 
pregnancies was also tested. Homospecific pregnancies are defined as those 
in which the mother does not possess isoagglutinins capable of agglutinating 
the red cells of her infant, whereas in heterospecifie pregnancies mothers have 
such isoagglutinins. In Table II the findings in 106 homospecifie and in 123 
heterospecifie pregnancies are summarized. In accord with previous inves- 
tigations,** the highest percentage of infants with isoagglutinins demonstrable 
in cord blood was in those born to mothers of group O. 


TABLE IT. COMPLETE AND INCOMPLETE ISOAGGLUTININS IN CoRD BLOOD oF NORMAL INFANTS 


PRESENCE OF 
ANTI-A ANTI-B 


BLOOD GROUP NO. OF | INCOM- INCOM- 
MOTHER | INFANT CASES COMPLETE PLETE | COMPLETE PLETE 
O 26 2 26 2 
A 9 11 
8 0 


pregnancies 


B, AB 
A, AB 
Total 
*Incompatible agglutinin. 


pregnancies 


Heterospecific| Homospecific 


The data shown in Table II lend themselves to an analysis of the rela- 
tionship between the presence of isoagglutinins in mothers and their normal 
infants, exclusive of incompatible agglutinins. The results of this analysis 
are summarized in Table III. When anti-A was present in the mother, it was 
absent in less than 5 per cent of the compatible infants, whereas maternal 


Vo 
Nu 
al 
di 
tl 
p 
1 
] 
B B 18 9 6 7 
B O 7 + 2 
AB A,B, AB 5 
Total 106 39 11 43 13 
A 48 5* 34 8 
O B 27 24 3 id 3* 
24 
24 2* 
123 27 9 35 12 
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anti-B was absent in 21 per cent of infants not possessing the B antigen. This 
difference in behavior of anti-A and anti-B antibodies appears to be primarily 
the result of the less frequent passage of complete anti-B agglutinins as com- 
pared with anti-A, while transplacental transfer of incomplete antibodies is 
approximately the same for both antibodies. 


TaBLeE III. RELATIONSHIP BETWEEN ISOAGGLUTININS IN MATERNAL AND CoRD BLOODS IN 
NoRMAL INFANTS* 


ISOAGGLUTININ IN CORD SERUM 
ISOAGGLUTININ 


PRESENT IN 
MATERNAL TYPE OF NO. OF COMPLETE | INCOMPLETE TOTAL ABSENT 
SERUM PREGNANCY CASES NO. No. | &% NO. ; vO. | % 
Homospecific 54 39 11 50 2 7.4 

Anti-A Heterospecific 27 24 0 
All cases 81 63 4 4.8 


13 «17.1 56 26.3 
8 166 42 : 12.5 
21 417.0 98 21.0 


x 


“10 


Homospecifie 76 43 
Anti-B Heterospecific 48 34 
All cases 124 77 


*Incompatible agglutinins excluded. 
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TABLE IV. REPORTS ON PRESENCE OF INCOMPATIBLE ISOAGGLUTININS IN CoRD BLOOD 


TYPE OF 
BLOOD GROUP NO.OF | METHOD | ANTI- DISEASE IN 
AUTHOR MOTHER | INFANT | CASES USED* Bopy t INFANT 
Aubert et al.7 A ? Fatal HDN 
Mitehell et al.8 A P,W Fatal HDN 
A 


i A HDN 
Wiener et al.4 HDN 
Witebsky® Fatal HDN 
Robinson et al.10 HDN 
Bryce et al.11 HDN 
Phansomboon and 

Pollack12 
Crawford et al.13 


Fatal HDN 
HDN 
HDN 
HDN 
HDN 
Sl. jaundice 


bo 


Zuelzer and Kaplan14 


B 
oO 
O 
B 
oO 
O 
O 


bib 


Seelen15 


Jakobowiez and 
Bryce16 


Wiener et al.4 


Zuelzer and Kaplan17 


Total 


*A = Acacia; AB = serum (group AB); AGT = indirect antiglobulin test; S = saline; 
P = plasma; SA = serum albumin; W = Witebsky neutralization.’ 


7C = Complete; I = incomplete. 


— 


DISCUSSION 


Incompatible isoagglutinins in an infant with hemolytic disease were first 
reported in 1945 by Aubert and associates." We have attempted to summarize 
additional reports from the literature in Tabie IV as they were available to us. 
Most of them were ease reports or small series, until Zuelzer and Kaplan’ 17 


| «195: { 
| 1954 
1949 J 
| \ None 
_ 
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reported a larger series in 1954. With the exception of 3 cases, the antibodies 
in the studies listed in the upper part of the table were incomplete; the 
methods used for their detection are shown in a separate column. The high 
incidence—7 out of 52—of fatal HDN is remarkable; it probably does not 
reflect the general clinical course in ABO incompatibility but rather the se- 
lected character of the series. Similarly, 19 of 34 cases listed by us in Table | 
were severe enough to necessitate replacement transfusion. 

Table LV also contains data from the literature on presence of incom- 
patible agglutinins in infants without any clinical disease. Significantly, 5 
of 15, or one-third, of these antibodies were complete, i.e., demonstrable in 
saline medium. This incidence is similar to that of our own series (Table I1). 

On the basis of these findings of previous workers and of our own ob- 
servations, the following remarks appear to be in order: 


1. Incompatible agglutinins are present, as a rule, in the serum of infants 
affected with HDN eaused by ABO incompatibility. 

2. The antibodies are, as a rule, of the “incomplete” type, and hence re- 
quire for their demonstration methods such as the antiglobulin technique or 
enzyme-treated red cells. 

3. In our experience, the antiglobulin test or the technique employing 
papain-treated red cells proved capable of demonstrating the incompatible 
agglutinin in each of the 34 cases of hemolytic disease caused by AB incom- 
patibility which we had an opportunity to investigate. Papain-treated red 
cells were sometimes successful in demonstrating the antibody when the in- 
direct antiglobulin test failed to do so, and vice versa. Both methods should 
be used in each case. Our experiences with papain-treated cells appeared to 
confirm the statement by Spielmann’ that the strongest and most rapid ag- 
glutination of group A red cells by anti-A agglutinins was seen with papain- 
treated red cells. 

4. In our series, 14 of 123 infants in heterospecifie pregnancies showed in- 
compatible agglutinins without evidence of hemolytic disease. In 4, the ag- 
glutinins were detectable in saline, and hence presumably a “complete” anti- 
body. Hence, while incompatible agglutinins were found in every ease of 
HDN caused by AB incompatibility, this finding is not specific for the dis- 
ease because they were also found in about 10 per cent of infants without 
demonstrable disease. This is not at all surprising since passage of anti-A or 
anti-B from mother to infant may occur without manifest clinical conse- 
quences. On the other hand, because of the frequently mild disease, the find- 
ings of incompatible isoagglutinins is to be considered as a warning, inviting 
closer observation and additional testing of the newborn. 

5. Among the 34 infants with HDN caused by AB incompatibility, 27 in- 
volved incompatibility to the A antigen, and 7 to B. Several authors have 
previously recorded and commented on the greater frequeney of maternal iso- 
sensitization to the A than to the B antigen as cause of HDN.*® In our series 
of normal infants born from heterospecifie pregnancies (Table IL), trans- 
placental transter of incompatible anti-A was observed in 9 of 72 cases, and 
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of incompatible anti-B in 5 of 51 eases. These figures do not suggest that the 
placenta represents a greater barrier to incompatible anti-B than to incom- 
patible anti-A. 


As far as transplacental transfer of compatible agglutinins (Tables II and 
Ill) is concerned, the following observations were made: mothers of group O 
transmit compatible isoagglutinins (anti-A as well as anti-B) much more fre- 
quently to their infants than do mothers of group A. This holds true also for 
heterospecifie pregnancies of O mothers with infants of group A or B. 
Mothers of group B transmit isoagglutinin anti-A almost as frequently as O 
mothers, but the antibody is more frequently incomplete. While, in general, 
mothers transmit anti-A more frequently to their infants than anti-B, this dif- 
ference by itself does not seem to be capable of explaining the greater inci- 
dence of HDN caused by maternal isosensitization to A than to B. As a 
matter of fact, incomplete anti-B antibodies which most likely would be re- 
sponsible for HDN appeared to traverse the placental barrier with about the 
same frequency as did incomplete anti-A. The more frequent appearance of 
anti-A than of anti-B in cord bloods may be merely the reflection of the fact 
that anti-A isoagglutinin reach higher titers in the maternal serum than do 
anti-B agglutinins. The explanation of the difference in the incidence of HDN 
caused by A and B isosensitization must be looked for in factors other than 
differences in transplacental transfer of the corresponding antibodies. 

Our observations are in good accord with data obtained by other inves- 
tigators on the frequency of transplacental transfer of isoagglutinins. Thus 
Polayes, Lederer, and Wiener®® found anti-A in approximately 70 per cent 
and anti-B in 53 per cent of cord bloods of infants whose mothers possessed 
these antibodies. Since these antibodies were demonstrated with saline- 
suspended red cells, they may correspond to our category of “complete” anti- 
bodies of 77.6 per cent for anti-A and 62.0 per cent for anti-B (Table IIT). 
However, it must be kept in mind that the ability to agglutinate saline- 
suspended red cells by itself cannot be always taken as proving an antibody 
to be complete. One of us (I. D.*‘) showed that occasional serum specimens 
with high titers of incomplete Rh antibodies may agglutinate saline-suspended 
red cells when tested in undiluted serum or even in low dilution. Recently, 
Munk-Andersen* specifically pointed out that incomplete anti-A and anti-B 
agglutinins required even less colloid than Rh antibodies for bringing about 
agglutination of suitable red cells. In the present work the incomplete nature 
of isoagglutinins was considered as proved only if either saline-suspended red 
cells were not clumped at all or at a titer at least 2 dilutions lower than the 
titer obtained with the indirect antiglobulin test or with papain-treated red 
cells. 

Using saline-suspended red cells, Tovey** found that in homospecifie preg- 
nancies anti-A was transmitted from mother to infant in 85 per cent and anti- 
B in 74 per cent. 

On the basis of quantitative estimations of maternal and neonatal anti- 
bodies, he interpreted these findings as primarily reflecting higher maternal 
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titers of anti-A than of anti-B and not indicating differences in placental 
permeability for the two antibodies. That, in addition to “complete” isoag- 
glutinins, cord bloods may contain “incomplete” anti-A and anti-B was demon- 
strated by Hirszfeld and associates** and by Wolf®® by means of a dextran 
method, and by Wiener and Unger® who employed acacia or the indirect anti- 
globulin (Coombs’) technique. 

SUMMARY 


1. Isoagglutinins anti-A or anti-B capable of reacting with red cells of the 
same ABO group as the infant (incompatible agglutinins) were demonstrated 
in the blood of each of 34 infants with HDN caused by ABO incompatibility. 


2. The incompatible antibodies were of the “incomplete” type and could 


be best demonstrated with the indirect antiglobulin test or with papain-treated 
red cells. 


3. Incompatible agglutinins were also found in approximately 12 per cent 
of cord bloods of normal infants born from heterospecifie pregnancies; about 
one-third of these antibodies were of the “complete” type. 


4. Data collected from the literature together with our own observations 
support the usefulness of tests for “incompatible” isoagglutinins in the neo- 
natal diagnosis of HDN caused by ABO incompatibility. 


5. From investigations of the transplacental transfer of anti-A and anti-B 
agglutinins it appears unlikely that differences in placental passage can ac- 
count for the differences in the incidence of HDN caused by A and B incom- 
patibility, respectively. The commonly higher titer of anti-A in the blood of 
the mother is probably sufficient to account for the difference. 
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A COMPARATIVE STUDY OF THE ASHBY DIFFERENTIAL 
AGGLUTINATION, CARBON“ AND IRON*®® METHODS FOR THE 
DETERMINATION OF RED CELL LIFESPAN 


N. I. Bern, M.D., Pu.D.,* M. Beeckmans, Pu.D.,** P. J. ELMLINGER, M.D.,*** 
AND J. H. Lawrence, M.D. 
BERKELEY, CALIF. 


NEMIA not resulting from extravascular blood loss can only be due to a 
decrease in the rate of production of red cells, a decrease in the lifespan 
of the red cell, or a combination of these two factors. With the development in 
this laboratory of the radioactive iron method for the measurement of the rate of 
production of red cells, it was shown that in chronic leukemia the red cell pro- 
duction rate is usually normal or inereased.t. This implied that the red cell 
lifespan might be shortened. Studies of the lifespan of the red cell using C™- 
labeled glycine showed that in patients with chronic myelogenous leukemia, 
and in some patients with chronic lymphatic leukemia, the red cell lifespan was 
shortened.? This is a direct method for the measurement of the red cell life- 
span. At the time these studies were in progress, it became apparent that a 
re-evaluation of the Ashby differential agglutination technique for determining 
the lifespan of the red cell was necessary, since with this method normal cells 
are transfused to the patient or, on the other hand, red cells from a patient 
are transfused into a normal recipient. In neither case is the red cell life- 
span measured in its normal environment. It is entirely possible that the 
recipient will not treat the transfused cells in the same manner as his own. It 
is possible that an individual might produce red cells that are defective and 
have a short lifespan, while normal cells transfused to him would have a normal 
lifespan. For this reason, studies of the lifespan of red blood cells were under- 
taken using simultaneously the Ashby, the C'-labeled glycine, and the Fe’ 
techniques. 
METHODS 
Thirteen patients were studied (see Appendix). Patients with blood groups A, AB, or 
B were transfused with red cells from group O normal donors, and the patients with group 
O and subgroup M red cells were transfused with subgroup N red cells.s-7 The transfused 


red cells were counted at least once a week, according to the procedure of Sheets and as- 
sociates.4 

Plasma iron clearance and in vivo iron studies were done with Fe59, as previously 
described.1,8 The Fe59 red cell uptake curves were followed for at least 150 days, except 
in patients R. F. and F. W. 
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The lifespan of the red blood cells was measured with C14-labeled glycine as described 
previously.2 
The blood volume was determined with P%2-labeled red cells.9 
RESULTS 
The blood volumes are presented in Table I. Table II gives the plasma 
radioiron clearance data and summarizes the Fe*® in vivo studies. 


TABLE I 


BLOOD VOLUME VOLUME PLASMA VOLUME (PER CENT) 
ML. | ML/KG.| ML. | ML/KG.| ML. | ML./KG.| PRcv* | PCv* 


| TOTAL RED CELL HEMATOCRIT 


PATIENT 


3,671 1,597 
7,135 1,712 
3,558 1. 1,281 
4,419 1,282 
4,260 : 1,747 
5,040 2,117 
5,591 2,208 
2,820 1,128 
5,854 2,019 
3,179 x 2737 1,462 32.2 54 
4 eae. 5,151 6 1,753 26. 3,404 50.6 34 

*In cases in which the W.B.C. was elevated, both the packed red cell volume (PRCV) 
and the packed cell (red and white) volume (PCV) are indicated. 

+No blood volume data available for this patient. 


3,198 66.6 25 34 
1,909 31.8 44 47 
3,924 56.8 24 45 
2,277 39.1 36 
3,137 38.1 29 
2,513 39.5 41 
2,873 38.5 42 
2,963 47.1 40 
7,692 35.7 40 
3,835 52.8 34 
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TABLE II 


FE TURNOVER FOR 
HGB. FORMATION 
PATIENT DATE (MG./KG./DAY ) IN VIVO FE59 STUDIES 


2/15/52 3 Myeloid metaplasia 
2/8/54 Normal 

9/25/52 2 Splenectomy 
5/14/53 Normal 

4/22/53 : High liver uptaket 


2/25/53 ; High liver uptaket 
5/6/52 OE Persistent spleen curve 
1/26/54 ; Persistent spleen curve 
4/3/52 \ Normal 

7/1/54 of Secondary spleen curve 
11/10/52 : (Not done) 


*Fe® studies not carried out. 


yLiver uptake: F. W., 2.77 mg. Fe per gram of tissue; R. M., 8 mg. Fe per gram of tis- 
sue, measured from liver biopsies. 


Ashby Studies—When the rate of decrease of transfused cells was pre- 
dominantly linear, the linear segment of the data was fitted to a straight line by 
the least squares method. The red cell lifespan and the maximum concentra- 
tion of inagglutinable cells were obtained by extrapolation (see Figs. 1 and 2). 
In the 10 patients in this group the red cell lifespan varied from 98 to 136 days. 


The other 3 patients, A. F. (Fig. 3), L. F. (Fig. 4), and T. A. (Fig. 5), 
showed an exponential rate of disappearance of donor cells (Table IIT). The 
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W.— 1074 + 25.4 DAYS 
—1364% 20 DAYS RM.— 1145 + 19 DAYS 
@US—99.2+23 DAYS RG. — 99.7 + 25.7 DAYS 
4M8—I32.6*20 DAYS 7.8.— 98 + 38 DAYS 
T.—127.3%37 DAYS R.F —103.1 I91DAYS 
@ T.W—1044425 DAYS 


PERCENT 


60 90 
DAYS DAYS 
wae. i. Fig. 2. 


Fig. 1.—Ashby differential agglutination data for Patients J.J., J.S., M.B., F.T., and 


Fig. 2.—Ashby differential agglutination data for Patients F.W., R.M., R.G., T.B., and 
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Fig. 3.—Ashby differential agglutination data for Patient A.F. 
Fig. 4.—Ashby differential agglutination data for Patient L.F, 
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Fig. 5.—Ashby differential agglutination data for Patient T.A. 


560 
th 
A a 
\ 
75 
Pe 
# ° 6 C 
50 
Ray 
25 ~ 
~ 
S op le 
o® 
° BO 120 150 
h 
T.W. e 
R.F. 
125 T T ‘ 
125 | | 
100 4 
100 
71-8 
6 50 
50 
25 
125 
100 
t 
= 
2 
ra: 
25 


MEASUREMENT OF RED CELL LIFESPAN 561 
-umber 

theoretical values were calculated according to Sheets and associates,‘ assuming 
a random destruction at a constant rate plus normal aging: 


0.693 t 


where N = Concentration of donor cells at time ¢ after transfusion; No = 
Concentration of donor cells at t = 0; T — Time after transfusion when all 
the donor’s cells would have been lost by senescence; and + = Time after trans- 
fusion when N is half the number of cells which would have been present if 
loss were due only to senescence. 

That the exponential disappearance shown by these 3 patients can be 
explained as a combination of random destruction and normal aging is shown 
by the close agreement of the observed values with those caleulated from this 
equation.* 


TABLE IIT 


RATE OF 
RED CELL 
FORMA- 
TION (IN 
Jo RE- 
NEWAL/ 


DAY FROM 
RED CELL LIFESPAN (DAYS) | srup- 


PATIENT DISEASE ASHBY | FES59 IES ) 
1. Sod Chronic myelogenous 136.4 142 
(Figs. 1, 9) leukemia (?) and 
tuberculosis 
2. J.S. Myeloid metaplasia 99.2 
1,6) 
M. B. 


Chronic myelogenous 132.6 
“Flas. 1,7) leukemia 
Chronie myelogenous 127.5 
Figs 4,3) leukemia 
7. Anemia of undeter- 104.4 
(Figs 1, 16) mined etiology 
F.W. Aplastic anemia ; 107.4 
hemochromatosis 
Diabetes mellitus; 114.5 
Fi gs. 2 hemochromatosis 
8. R. G. Giant follicle 99.7 
lymphoblastoma 
Chronic lymphatic 98.0 
leukemia 
Giant follicle 103.1 
lymphoblastoma 
Chronic lymphatic 5.2% daily 
leukemia destruction 
Secondary poly- 1.85% daily 
(Figs. 4, 11) eythemia destruction 
TA, Chronic lymphatic 3.45% daily 
( Fig. 5) leukemia destruction 


One patient (F. T.) with chronic myelocytic leukemia (Fig. 1) showed no 
destruetion for at least 40 days. This patient had had a splenectomy one year 
earlier and had been given a therapeutic dose of 4 me. of P*? intravenously two 
days after the transfusion of Ashby cells. By reducing the rate of production 
of red cells and also the blood volume, P*? probably effected a temporary net 
concentration of donor cells. 


_ 
1 
118 120 1.01 
| 76 63 2.31 
87 80 0.71 
113 0.91 
105 99 2.08 
101 88 0.62 
97 1.30 
31 5.7 
76 80 1.51 
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The variation from a straight line in the disappearance of transfused ceils 

in the early days fuilowing the transfusion has been attributed to the differ- 
ence between the rate of breakdown of the donor’s and recipient’s red eells.° 
For this reason, the same donor was used several times for several recipients. 


TABLE IV 


CALCULATED RED 
AGING TIME RED CELL LIFE | INITIAL VALUE | CELL LIFE DONOR 
RECIPIENT (DAYS) (DAYS) (PER CENT) (DAYS) 


79.4 04.4 100 104.4 
112.6 100 132.6 


82.0 3 110 118.1 
116.4 . 120 163.7 


F. G. » 84.0 92 94.9 


R. D. = random destruction. 


The results are tabulated in Table IV. The red cell life of the donor cells may 
be calculated in the following way’: 
Red cell life donor = N, (k), 


1 
slope (straight segment of Ashby curve) — 


where k — 


For donor R. W. (Table IV) there was no such initial variation. The red 
cell life of the donor then should be the same as that of the recipient, but the 
2 recipients had different red cell lifespans. With the donor T. M. there 
was a different initial destruction rate in the two recipients, and the lives 
of the same donor cells calculated on this basis are different. It is possible 
then that the variation from a straight line in the first part of the curve is 
due principally to the fragility of the cells toward transfusion manipulations. 

Evans and co-workers’ state that the deviation from linearity in the last 
part of the Ashby differential agglutination curves can be explained by as- 
suming that normal cells ‘‘undergo a period of aging’’ and that ‘‘aged cells 
are broken down by a random, first-order process.’’ Table IV shows that the 
‘faoing times’’ of cells from the same donor vary in different recipients. 


TABLE V. COMPARISON OF DURATION OF TAIL PoRTION OF ASHBY CURVE Wit C14 CURVE 


PATIENT | ASHBY (DAYS) | cl4 (DAYS) 


PO po 
RAR 


PARA 


The tail portion of the curve calculated according to Evans and associates” 
shows an average life of the worn cells ranging between +19 to +38 days, in 
agreement with that found by Evans and co-workers (Table V). 


DONOR | 
M.B 
J.J. 
R. D. 
20 
23 
19 
43 
23 
35 
29 
37 
18 
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C4- and Fe*’-Labeled Cell Method.—Ten of the 12 patients studied showed 
a plateau of Fe*® or C™ specifie activity (Figs. 6-10, 12-16). The mean of the 
plateau was considered as 100 per cent. 


In patients L. F. and A. F. (Figs. 11 and 17), whose graphs showed no 
plateaus, the highest values were considered as 100 per cent. In these two pa- 
tients the red cell lifespan as measured with earbon'-labeled glycine repre- 
sents an upper limit. It is quite likely the true mean red cell lifespan is shorter. 
The effect of continual synthesis of labeled hemoglobin from persisting labeled 
glycine tends to make the slope of the curve of hemoglobin carbon" content 
smaller than would oceur if there were not a continual synthesis. It is relatively 
easy to show that when the red cell lifespan is finite and normal this tends 
to overestimate the red cell lifespan only slightly.1°. Mathematical methods for 
the correction of the observed carbon" content of hemoglobin, when the pattern 
is one of a very short red cell lifespan and random destruction, have not been 
devised. It ean only be stated that the actual red cell lifespan will be less than 
that caleulated from the data and, at present, of an unknown magnitude. 


The red cell lifespans as determined by C' and Fe*® are given in Table III. 
They are obtained by taking the time between the ascending and descending 
parts of the curves at half the distance between the upper and lower plateaus. 
The descending part of the curve in the C™ results, which corresponds to the 
random destruction of worn cells, might be compared with the exponential de- 
struction of the worn Ashby cells (Table IV). Six patients (T. W., F. W., T. B., 
A. F., L. F., and T. A.) had short red cell lifespans as determined either by the 
Ashby technique or by both the Ashby and C™ methods. Of the 10 patients on 
whom in vivo Fe*” studies were done (see Table IL), 4 had abnormal spleen 
curves. In 3 there was either a rise in the counting rate over the spleen fol- 
lowed by a fall and then a secondary rise, or there was a rise with no fall. 
These types of spleen curves have been interpreted as indicating premature 
destruction of red cells in the spleen.'' Beeause of the large reutilization 
of iron, the curves obtained using the Fe*® method do not have the sharp fall 
associated with the C™ or N' studies, and analysis of the lifespan is not as satis- 
factory. Sinee it cannot be assumed that any of these patients was in a steady 
state with regard to red cell production and destruction, calculation of the red 
cell lifespan from the red cell iron turnover is misleading. 


Comparative Study of the Red Cell Lifespan With the Three Methods. 
—For comparison, the Ashby, C'™, and Fe*® results were plotted on the same 
graph. The Ashby data were corrected for daily destruction in the fol- 
lowing manner: If the red cell life is T, at N days after the beginning of the 
experiment, the plotted inagglutinable cells are equal to: 

100 (T-N) 
(% inagglutinable cells at N) T 

When the red cells produced in the patient are normal and destroyed only 
through senescense, the results should agree in all three methods. They agree 
in 9 patients within the limits of error (Table I11), and when the rate of pro- 
duction is sufficient, the total red cell volume will be normal. 


Patient T. W. (Fig. 16) showed a normal red eell life with the Ashby 
technique and a finite but shortened red cell life with C’™ and Fe**®. Here the 
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Fig. 6.—Red cell lifespan curves by the Ashby and C methods for Patient J.S. 
Fig. 7.—Red cell lifespan curves by the Ashby, C™, and Fe methods for Patient M.B. 
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Fig. 8.—Red cell lifespan curves by the Ashby, C™, and Fe®® methods for Patient F.T. 
Fig. 9.—Red cell lifespan curves by the Ashby, C', and Fe methods for Patient J.J. 
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Fig. 10.—Red cell lifespan curves by the Ashby, C™, and Fe methods for Patient T.D. 
Fig. 11.—Red cell lifespan curves by the Ashby, C'™, and Fe®® methods for Patient L.F. 
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ig. 12.—Red cell lifespan curves by the Ashby, C4, and Fe methods for Patient R.G. 
. 13.—Red cell lifespan curves by the Ashby, C™, and Fe methods for Patient R.F. 
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Fig. 14.—Red cell lifespan curves by the Ashby, C™, and Fe methods for Patient F.W. 
Fig. 15.—Red cell lifespan curves by the Ashby, C™, and Fe methods for Patient R.M. 
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Fig. 16.—Red cell lifespan curves by the Ashby, C, and Fe® methods for Patient T.W. 
Fig. 17.—Red cell lifespan curves by the Ashby and C™ methods for Patient A.F. 
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quality of the cells must have been deficient, as normal cells survive normally 
in the patient while the patient’s own cells have a finite but shortened life- 
span. The rate of production as measured with Fe*® was elevated, indicating 
an increased production of red cells which partially compensated for their 
short lifespan, although the patient was anemic by blood volume standards. 

Patient L. F. (Fig. 11) showed random destruction with a rate of 1.85 
per cent per day (normal, 0.85 per cent) with the Ashby technique and a 
short but apparently finite red cell life of 76 days for C'* and 80 days for Fe’”. 
The patient’s cells might have had a normal red eell life if given to a normal 
subject, but in the patient they undergo a random destruction as shown by the 
Ashby technique. The high plasma iron turnover associated with red cell forma- 
tion indicates an increased production rate that compensates for the increased 
destruction and keeps the total red cell volume at a slightly polyeythemie level. 

In Patient F. W. (Fig. 14) the red cell life obtained by the Ashby tech- 
nique was normal (107 days) and somewhat longer than the red cell life as 
measured by the two other methods (87 days for C'* and 80 days for Fe°®). 
The rate of formation of red cells as measured by Fe*® was low, indicating 
a decreased production of red cells which might have been slightly deficient 
in some as yet unknown manner as compared to normal red cells. Both these 
factors would explain the anemia of this patient, who needed frequent trans- 
fusions. 

Patient F. T. (Fig. 8), who had been splenectomized, had a very long red 
cell life by all three methods, and all three methods yielded comparable values. 


Red Cell Lifespan in Disease.— 


Chronic myelogenous leukemia: In previous studies it was reported that 
the red cell lifespan was shortened in chronie myelogenous leukemia but that 
the lifespan was finite.* Two patients with chronie myelogenous leukemia in 
this study had normal red cell lifespans. In one (F.T.) this was following a 
splenectomy and is in agreement with Ragnar Berlin’s'? observations on the 
lengthening of the red cell lifespan in chronic myelogenous leukemia following 
splenectomy. In the other patient (M. B.) this was very early in the course 
of her disease, presumably within 6 months of the onset of leukemia. Further 
observations at a later time would be of interest to determine if and when 
shortening of red cell lifespan does develop. 


Chronic lymphatic leukemia: In agreement with previous studies, the 
lifespan of the red cell in chronic lymphatic leukemia was found to be either 
normal or very short with a pattern of random destruction.? In patient A. F. 
conversion to a normal red cell lifespan was observed following splenectomy. 

Giant follicle lymphoblastoma: Both patients with giant follicle lympho- 
blastoma (R. G. and R. F.) had a normal red eell lifespan. 

Unfortunately these studies do not differentiate in those patients with 
a short red cell lifespan—either with random destruction or with a shortened 
but finite red cell lifespan—the nature of the defect leading to a decrease in 
the lifespan of the eell. In Patient A. F. the conversion from a short red cel! 
lifespan with random destruction to a normal cell life following a splenectomy 
strongly suggests the presence of an extrinsic factor arising in or mediated 
through the spleen.’® In fact, on theoretical grounds, in the absence of hemor- 
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rhage, the pattern of random destruction is best explained by some extra- 
corpuscular factor, and the shortened but finite red cell lifespan by some intra- 
corpuscular defect. These studies are not conclusive in this regard, however. 


CONCLUSIONS 


1. In 8 patients the red cell lifespan was normal as determined by glycine 
labeled with C'™ and by the Fe*®® and Ashby techniques. The results of all 
three methods were in good agreement. 


2. The Ashby technique is of value in interpreting the data shown by 
the C™ and Fe**® methods. 


3. In the 2 cases presumably with hemolysis due to extracorpuseular fae- 
tors, all three methods showed a very short cell life. 

4. In 2 eases (T. W. and F. W.) the quality of the cells produced was 
defective, and the Ashby technique showed a normal red cell life while the C™ 
and Fe*® methods showed a shorter red cell life. 


APPENDIX 


Case 1.—J. J., a 65-year-old white man, was first seen here in September, 1953. A 
diagnosis of pulmonary tuberculosis was made in 1951, and the patient was treated. In No- 
vember, 1952, elevation of the white cell count and an abnormal differential suggested 
chronic myelogenous leukemia. The patient was placed on Myleran in 1954, and the white 
count fell to normal with a normal differential. Im December, 1954, a lobectomy was per- 
formed beeause of cavitation in the left upper lobe. The patient expired 12 hours after 
surgery. At autopsy no evidence of myelogenous leukemia could be found. Whether this 
should be viewed as a leukemoid response to tuberculosis or whether it represented an ex- 
cellent response to Mylerau with a conversion of the bone marrow to normal is problematical. 
The absence of histologic evidence of leukemia in spleen, liver, and bone marrow made the 
diagnosis difficult. 


Case 2.—J. 8., a 51-year-old white woman, was first seen in February, 1952. She 
gave a history of an onset of arthritis in 1949. In September, 1950, the patient was told 
a blood count showed leukemia. In 1951 the spleen became palpable. Physical examination 
disclosed a thin, fairly developed woman, with deforming rheumatoid arthritis of the el- 
bows, wrists, fingers, knees, and ankles. The blood count showed R.B.C, 3.53 million; hemo- 
globin 7.8 Gm.; platelets 400,000; and W.B.C, 140,000, with a differential compatible with 
that of myelogenous leukemia. Iron studies showed an excessive iron turnover, only part of 
which could be attributed to excessive turnover through the red cells. The serial spleen site 
counting rate curve indicated a primary path through the spleen, with a subnormal rise in 
the marrow site counting rate, suggesting splenic extramedullary erythrogenesis. The de- 
cline in the counting rate over the spleen simultaneously with the ascending radioactivity in 
the red cells is believed to be confirmatory of splenic erythropoiesis. As a result of liver, 
spleen, and bone marrow biopsies and the radioiron studies, a diagnosis of myeloid metaplasia 
was made. The patient has been treated throughout with cortisone. 


Case 3.—M. B., a 38-year-old white woman, was first seen here in February, 1954, with 
chronie myelogenous leukemia of approximately 4 months’ duration. At the time these studies 
were carried out, the liver and spleen were not palpable. The blood count was 4.63 million, 
with 14.6 Gm. of hemoglobin, platelets 530,000, and white count 81,500, with a differential 
compatible with that of chronic myelogenous leukemia. This is the first patient with chronic 
myelogenous leukemia studied in this laboratory to have a normal red cell lifespan in the 
presence of a spleen (see Case 4, F. T., for results in splenectomy). It is probable that this 
woman was studied so early in the course of the disease that alteration in the lifespan of the 
red cell was not yet evident 


CasE 4.—F. T., a 36-year-old white man, was first seen here in May, 1952, with chronic 
myelogenous leukemia of one year’s duration. A splenectomy had been done in 1951, fol- 
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lowed by x-ray therapy. At the time he was first seen here the blood count was 3.58 million; 
hemoglobin 8.5 Gm.; platelets 1,880,000, and W.B.C. 331,000. 


Case 5.—T. W., a 67-year-old white man, was first seen here in January, 1953, with 
the principal complaint of weakness and fatigue for the preceding 18 months. He was re- 
ferred here with a diagnosis of anemia of unknown etiology. At the time of his first visit 
the blood count showed R.B.C. 3.94 million; hemoglobin 11.8 Gm.; and W.B.C. 5,200 with «a 
normal differential. The blood volume determination showed 22 ml. per kilogram of red 
cells and a plasma volume of 39.1 ml. per kilogram. This was a moderate anemia, but 
despite extensive investigation the cause has not yet been established. 


Case 6.—F. W., a 74-year-old white man, was seen at this laboratory in March, 1953, 
with a history of anemia. A diagnosis of carcinoma of the prostate was made following 
a transurethral resection in 1952. Following surgery, the patient was found to be anemic 
and did not respond to therapy. Radioactive iron studies showed that this anemia was due 
to a failure in red cell production. This man required frequent transfusions to maintain 
the blood count at approximately 2.5 to 3.5 million, with 6.8 to 9.38 Gm. of hemoglobin. 
The white cell count was never remarkable. Biopsy of the bone marrow showed hypoplasia. 
The liver biopsy showed hemosiderin pigmentation characteristic of hemochromatosis, prob- 
ably secondary to multiple transfusions. 


Case 7.—R. M., a 45-year-old white man, was first seen here in October, 1952, with 
a diagnosis of hemochromatosis and diabetes. At the time these studies were done, the 
patient had the following blood count: R.B.C. 4.92 million; hemoglobin 13.8 Gm.; and 
W.B.C. 6,200, with a differential showing 39 per cent segmented and 2 per cent nonseg 
mented cells, 2 per cent eosinophils, 51 per cent lymphocytes, and 5 per cent monocytes. 
In vivo iron studies showed a greater than normal amount of iron disappearing from thie 
plasma to liver. A sample of liver tissue contained 8 mg. of iron per gram of liver tissue. 
Urinalysis showed 3+ sugar. Pigmentation was found on the backs of the arms, legs, 
periumbilical area, and the axilla. The liver was hard and easily felt almost 2 em. above 
the umbilicus. The spleen was not palpable. 


CASE 8.—R. G., a 52-year-old white man, was first seen in October, 1949. The patient 
had noticed right cervical lymphadenopathy in 1944, and a biopsy revealed giant follicle 
lymphoblastoma. He was treated with x-radiation to the right inguinal and right axillary 
regions at approximately 6- to 12-month intervals. The last x-ray therapy before being seen 
here was given a month previously. On physical examination it was noted that there were 
% to 1 em. nodes in both axillae and in the right inguinal region. No cervical nodes were 
palpable. The liver was palpable to the level of the iliac crest. The blood count showed 
R.B.C. 3.61 million; hemoglobin 11 Gm.; and W.B.C, 7,500, with a normal differential. The 
red cell lifespan studies were started in May, 1952. At this time there was only one node 
palpable, in the right posterior cervical triangle. The liver and spleen were not palpable. 
The blood count then showed R.B.C. 4.09 million; hemoglobin 11.3 Gm.; and W.B.C. 6,150, 
with 45 per cent lymphocytes. 


CASE 9.—T. B., a 66-year-old white man, was first seen here in June, 1952, with a known 
chronic lymphatic leukemia of 10 years’ duration. At the time these studies were done the 
spleen was palpable 2 em. below the costal margin, the liver edge was palpable about 1 to 
2 em, on deep inspiration, and there was one large (2 to 3 em.) node in the right axilla 
with smaller lymph nodes palpable in the left axilla and inguinal regions. The blood count 
done at this time showed: R.B.C. 3.82 million; hemoglobin 12.8 Gm.; platelets 140,000; and 
W.B.C. 97,000, with 99 per cent lymphocytes and 1 per cent polymorphonuclear leukocytes. 


Case 10.—R. F., a 26-year-old white woman, was first seen here in March, 1952, at 
which time the patient gave a history of a mass in the left breast of approximately one 
month’s duration. On biopsy, this was found to be a giant follicle lymphoblastoma. There 
was also a broad tender mass in the upper abdomen which biopsy showed to be a giant 
follicle lymphoblastoma. The spleen was enlarged. The blood count at this time was as 
follows: R.B.C. 3.94 million; hemoglobin 11.7 Gm.; and W.B.C. 10,800, with 49 per cent 
lymphocytes. 

CasE 11,—A. F., a 53-year-old white man, had chronic lymphatie leukemia of 2 years’ 
duration. Because of the fact that he had had several episodes of chills and fever which 
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responded to antibiotic therapy and because of the fact that he had a large palpable spleen 
with a relatively normal white cell count at the time of his first visit here in the spring of 
1954, a biopsy of the spleen was done, as well as a sternal marrow biopsy. The spleen 
tissue showed small, granulomatous lesions, the etiology of which is still unknown despite 
extensive serologic and bacteriologie investigations. A splenectomy was done, following 
which a normal red cell lifespan was observed, as measured with C14, 


CASE 12.—L. F., a 47-year-old woman, was referred to us in October, 1952, with a 
diagnosis of pulmonary fibrosis and secondary polycythemia. The patient had a history of 
shortness of breath for 10 years, and the pulmonary fibrosis was discovered during an episode 
of influenza in 1949. An elevated red blood cell count had been found 2 months before 
her first visit here, and a 500 ml. phlebotomy had been performed. The patient reported 
a 30-pound weight loss in the preceding 3 years. On physical examination, redness of the face, 
hands, and mucous membranes was noted. Decreased resonance of the right middle lobe of 
the lungs was noted, with increased resonance elsewhere. There was an increased heart 
rate, and the blood pressure was 170/120 RAR.* The spleen and liver were not palpaple. The 
initial blood count was R.B.C. 7.16; hemoglobin 19.0 Gm.; and W.B.C. 15,500, with a normal 
differential count. Blood oxygen saturation was 75 per cent. The turnover of iron for red 
cell production was increased. 


CASE 13.—T. A., a 53-year-old white man, had chronie lymphatic leukemia. He was 
first seen here in November, 1949. Onset of the disease occurred in the summer of 1949, 
when enlargement of the lymph nodes was observed. Biopsy showed lymphoid hyperplasia 
suggestive of leukemia. His first blood count here showed: R.B.C. 3.78 million; hemoglobin 
3 Gm.; platelets 260,000; and W.B.C. 12,100, with a normal differential. A bone marrow 
puncture done at that time showed 46.2 per cent to be of the lymphocytic series. The studies 
of red cell life were done in 1952 when the patient had a red count of 3 million and 
a differential white count varying from 44 to 72 per cent lymphocytes. The spleen was 
enlarged to the umbilicus. The liver was not palpable. From 1949 to this time the patient 
had received therapy with x-ray and P32, 
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STUDIES OF PLATELET SURVIVAL BY TAGGING IN VIVO WITH P* 


Epwarp ADELSON, CapraIn, MC, USA, Jack J. M.D., 
H. Crossy, LreurENANT CoLONEL, MC, USA, 
WASHINGTON, D. C. 


INTRODUCTION 


ITH isotopic techniques it has become possible to study the survival of 

normal platelets in normal subjects. Two basic methods have been used 
for platelet tagging: in one the platelets are tagged in vitro by ineubation 
with the isotope; and in the other the isotope is injected into the subject whose 
platelets are then tagged in vivo. With the in vitro method, considerable in- 
cubation, manipulation, and washing of the platelets are involved and their 
survival has usually been short, sometimes only a few hours.’* Where the 
in vivo method of tagging has been employed, the survival in general has been 
longer.* * ° However, in all but a few** of the reported experiments, the 
platelets have been separated and washed at least one time before transfusion. 
There is considerable evidence that sedimenting of platelets by centrifugation 
may lead to damage which may result in shortened survival. 

Leeksma and Cohen*® '° have reported a method of tagging platelets in 
vivo which avoids platelet manipulation and transfusion. The platelets are 
tagged by an intramuscular injection of diisopropylfluorophosphonate contain- 
ing P* (DFP**). Several objections to this method may be raised. First, the 
DFP* may form a depot in the recipient animal, and tagging may continue 
over a period of several days rather than for several hours, as is assumed. This 
would give a falsely long survival. Second, this method when applied to white 
blood cells gives a survival of only a few hours, whereas with most other tech- 
niques the white cells survive for many days or weeks. This suggests the pos- 
sibility of elution of the absorbed DFP**. Third, there is no proof that the 
absorbed DFP* does not alter the platelets and therefore alter their survival. 


We have developed a technique of tagging platelets in vivo and trans- 
fusing them with a minimum of manipulation and no ineubation, centrifu- 
gation, or washing. Since a transfusion is involved, this method ean be used 
to study the survival of isogenous platelets only; it cannot be applied to the 
survival of autogenous platelets. However, it has the advantage that the P* 
is actually part of the platelet structure rather than adsorbed onto the platelet 
surface or taken up by dynamie metabolic interchange with the plasma phos- 
phates. 

METHODS 
In brief, the method involves the injection of a donor with P32, waiting an appropriate 


time while a population of radioactive platelets is produced, and then transfusing the donor’s 
whole blood into a recipient. After the transfusion, samples of platelets are isolated from 
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the recipient’s blood and their radioactivity is measured. This is repeated at appropriate 
intervals, The diminishing level of radioactivity in the isolated platelets reflects the dis- 
appearance of the transfused platelets. 

In the animal work, normal dogs weighing approximately 12 Kg. were used as 
platelet donors and platelet recipients. The donor animals received 1 me. of P82 intra- 
venously. In the human work, patients with polycythemia vera were the donors and normal 
volunteers were the recipients. The human donors received 3 to 5 me. of P32 intravenously. 
One week after the P32 injection, blood was drawn into plastic bags with disodium 
ethylenediaminetetraacetate (EDTA) as the anticoagulant. The volume taken was 500 ml. 
from the humans and 300 ml. from the dogs. In the animal work, the recipient dog was 
prepared by a phlebotomy of 300 ml.. This was immediately followed by transfusion with 
the radioactive blood. At no time in either the human or animal experiments did the 
interval between the drawing of the radioactive blood and its transfusion exceed 30 minutes. 

Platelet survival was determined by drawing samples of blood from the recipients at 
various intervals, A two-syringe technique was used, all glassware was siliconized, and 
EDTA was used as the anticoagulant. The platelets were separated by differential centri- 
fugation, and the number of platelets was counted by phase microscopy.11 The platelets were 
washed repeatedly and were plated onto an aluminum planchet. The radioactivity was 
counted by means of a thin-window Geiger tube. To overcome the problem of physical decay 
of Ps2, all radioactive samples from each experiment were counted at the same time. 

Platelet-free plasma was obtained from samples of whole blood drawn by the two- 
syringe technique with oxalate as the anticoagulant. The blood was centrifuged at 3,000 


r.p.m. for 2 hours, and a volume of the supernatant plasma was plated onto a planchet and 
counted in the same manner as the platelets. 
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Fig. 1.—The incorporation of injected P% into the circulating platelets of a patient with poly- 
cythemia vera (Subject A). 


RESULTS AND DISCUSSION 


Immediately after the injection of P**, the radioactivity of the plasma is 
high (Fig. 1), but it rapidly falls to a low level and thereafter gradually dis- 
appears. During this disappearance the radioactivity of the platelets climbs 
to a level which is many times that of the ambient plasma, then gradually sub- 
sides. At this peak of activity the platelets are harvested. 

The activity which appears in the platelets separated from the first sample 
(drawn 30 minutes after injection) may represent P** adsorbed onto the surface 
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of the platelet. Most of the injected P** probably enters the phosphorus poo! 
of the body, and megakaryocytes draw upon this material for the phosphorus 
that is used in the formation of new platelets. The appearance of new platelets 
containing P** in their stroma probably accounts for the rising platelet activity 
during the first 7 days, in the face of a falling plasma activity. The ideal time 
for phlebotomy appears to be 7 days after the injection, since the platelet activity 
at that time is at its highest point and plasma activity is low. 

A second example of plasma and platelet radioactivity in a human poly- 
eythemie subject after injection of P** is shown in Fig. 2. Here the ideal time: 
for phlebotomy would have been the sixth day. 
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Fig. 2.—The incorporation of injected P*%* into the circulating platelets of a patient with 
polycythemia vera (Subject B). 


Fig. 3.—The survival of transfused radioactive platelets in recipient Dog 1. 


Fig. 3 shows the typical survival of radioactive platelets in a normal dog 
recipient. The curve of decay appears to be exponential, with a half-life of 
about 3 days. It reached the 10 per cent level on the seventh day. On the 
day of the transfusion the 30-minute sample showed much less activity than 
the 3-hour sample. This rise in platelet radioactivity during the first hour post 
transfusion was a regular occurrence. It may have been due to transient 
sequestration of the transfused platelets. An alternative explanation is that 
P*? from the donor’s plasma was transferred to the recipient’s platelets. 

To test this possibility, a dog was given intravenously 1 me. of P**. One 
week later the animal was phlebotomized. Platelet-free plasma was obtained 
from the blood and transfused into a recipient dog. Thereafter no significant 
radioactivity could be demonstrated on the recipient’s platelets, which indicated 


that there was no significant transfer of P*? from transfused plasma to the 
recipient’s platelets. 
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It seems more likely, therefore, that the rise in platelet radioactivity after 
the 30-minute sample was because of the appearance of platelets which had been 
briefly sequestrated following their transfusion. 
To prove that the curves we obtain are truly a measure of platelet sur- 
vival and not due to artefact or to P** reutilization, an experiment was carried 
out in which nonviable platelets were transfused. A donor animal received 
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_ Fig. 4.—The survival of transfused radioactive platelets. The curve representing loss 
of viable platelets is the same as Fig. 3, shown for comparison. The nonviable platelets had 


been stored in glass. 
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Fig. 5.—The survival of transfused radioactive platelets in recipient Dog 2. 


1 ne. of P*? and 1 week later was phlebotomized. However, instead of carrying 
out the phlebotomy with plastic bags and EDTA as the anticoagulant, routine 
blood bank equipment was used (glass vacuum bottles with ACD solution). 
The blood was kept at 4° C. for 24 hours, then transfused. It is well known 
that sueh treatment results in nonviable platelets. When platelet activity in 
this recipient was measured, only the sample drawn 30 minutes after trans- 
‘sion showed significant activity. Apparently some platelets survived for 
these few minutes, but by the fifth hour post transfusion these platelets had 
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ictober, 2 
disappeared. In Fig. 4, there is a comparison of platelet survival in this dog 
with platelet survival in Dog 1 shown in Fig 3. 


Fig. 5 shows the survival of radioactive platelets in a second dog trans- 
fused with blood obtained by phlebotomy into a plastic bag. Platelet seques- 
tration was even more marked and lasted longer in this animal than in Dog 1 
(Fig. 3). In Dog 2, the peak in platelet activity did not occur until the end of 
day 1. The curve again appears to be exponential, this time with a 244 day 
half-life and reaching the 10 per cent level on day 6. Some platelet activity 
was still present on day 11. It is unlikely that the radioactivity in platelets 
which persists so long after the transfusion could be due to adsorption of P*” 
from the plasma, because plasma activity in the recipient approaches back- 
ground levels by the second or third posttransfusion day. An alternative ex- 
planation is that the residual activity is due to reutilization of phosphorus from 
platelets, red cells, and plasma. However, this source of phosphorus is so small 
in comparison with the total body phosphorus pool that the explanation seems 
unlikely. Furthermore, if reutilization were a significant problem, it would 
have evidenced itself in the dog that received nonviable platelets (Fig. 4). We 
believe this residual activity is because of a few transfused platelets that actually 
survive a long time. Perhaps these are the very youngest platelets in the trans- 
fused blood. 
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Fig. 6.—The survival of transfused radioactive platelets in recipient Dog 3. 


Fig. 7.—The survival of transfused radioactive platelets in a normal human recipient 
(Patient 1). 


The survival of radioactive platelets in a third dog is shown in Fig. 6. 
Here again there is evidence of sequestration, followed by an apparently ex- 


ponential curve of decay. The half-life was short, 114 days, and the 10 per 
cent level was reached on day 6. 


Fig. 7 shows the typical survival of radioactive platelets in a normal 
human recipient. The amount of platelet sequestration that occurred after 
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the transfusion is striking. The curve of decay in the human subject also 
appears to be exponential. The half-life was 2 days, and the 10 per cent level 
was reached on day 7. 


survival of transfused sae platelets in a normal human recipient (Patient 


mm. 


DEGREES CENTIGRADE 


Fig. 9.—The sequestration of platelets during artificial hypothermia. Radioactive platelets 
were transfused into the recipient dog before his temperature was lowered. 


Fig. 8 shows a second example of platelet survival in a normal human. 
Again there is an exponential curve. The half-life was 2144 days, and the 10 
per cent level is reached on day 14. The sequestration was even more marked 
than in the dogs. We belive this to be the first time that platelet sequestration 
has been demonstrated. 
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Using the technique of tagging platelets with P**, we have demonstrated 
a second example of platelet sequestration. In dogs undergoing deep hypo- 
thermia, we found nearly complete disappearance of platelets as the animals 
were cooled to 20° C., and a reappearance of platelets when they were re- 
warmed.'* We transfused radioactive platelets into a dog which was then 
exposed to hypothermia (Fig. 9). The animal’s platelet count dropped nearly 
to zero. On rewarming, the platelet count returned to normal. The radio- 
activity in samples of platelets obtained before and after chilling was nearly 
the same. The platelets which appeared after hypothermic thrombocytopenia 
were the same platelets which were in the blood before the dog was chilled. 
During deep hypothermia, platelets are sequestered. 


SUMMARY 


A new method of tagging platelets in vivo with P* is presented. It is 
accomplished by injecting P** into a donor, waiting until his platelet population 
contains a significant concentration of intrinsically labeled platelets and then 
transfusing his whole blood into a compatible recipient. The method has the 
advantage of requiring only minimal manipulation of the platelets. The curve 
of decay representing platelet destruction appears to be exponential both in 


_ humans and in dogs. The half-life is 144 to 3 days, and the 10 per cent level 
, of survival is reached in 6 to 14 days. Both in humans and in dogs there is 
: evidence of a transient sequestration of platelets in the early posttransfusion 


period. A second example of platelet sequestration has been demonstrated by 


applying this technique of platelet tagging to the study of thrombocytopenia 
in hypothermic dogs. 
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THE PERSISTENCE IN THE BLOOD OF THE RADIOACTIVE 
LABEL OF ALBUMINS, GAMMA GLOBULINS, AND GLOBULINS 
OF INTERMEDIATE MOBILITY 


VI. Tue Uptake or S* Into Serum PROTEIN FRACTIONS DURING THE 
First 24 Hours Arrer ORAL ADMINISTRATION OF LABELED METHIONINE 
AND CYSTEINE 


Davin Bronsky, M.D., Ropert J. FreearK, M.D., SamurL Hyman, M.D., AND 
S. Howarp Armstrone, JR., M.D. 
Cuicaco, IL. 


HEN our studies’ ? of die-away plots (representing the metabolic degrada- 

tion of S*° autosynthesized protein fractions) did not permit sure metabolic 
or clinical interpretation, our attention was directed to uptake plots (repre- 
senting the incorporation of S* into plasma protein fractions during the first 
24 hours after oral administration) as a possible means of estimating synthesis 
‘ates. While free from the unmeasurable complication of isotope reutilization 
encountered in die-away plots, and while less tedious in execution, uptake 
plots nevertheless have all the pitfalls of tolerance tests. 

It is the purpose of this paper: (1) to report our preliminary findings on 
the uptake of S*° into certain serum protein fractions during the first 24 hours 
after oral administration of labeled methionine and cysteine; and (2) to evaluate 
these findings in the light of clinical variables other than synthesis rates which 
may determine the form of an uptake plot, in order to see whether or not such 
variables (which are often hard to control) are sufficiently important to war- 
rant promise for such plots in the clinical investigation of plasma protein 
metabolism. 

METHODS 

Subjects.—The 12 subjects studied fall into 4 diagnostic categories (Table I). These 

categories were chosen to cut across the possible clinical correlations for an uptake test. 


The subjects with proved pancreatic disease represent deficiencies in dietary protein 
hydrolysis of varying severity as indicated by a range of serum albumin levels from 0.7 
Gm./100 ¢.c. (Patient T. N.) to 3.4 Gm./100 e.c. (Au. J.). The ability to absorb the 1131 
label from oral albumin was, therefore, also measured on each patient in this group, as 
specified below and reported in Table I. 


The patients in the second diagnostic category of Table I represent small bowel mal- 
absorption of etiology ranging from the known (postoperative short bowel syndrome with 
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stricture) to the unknown (regional ileitis and idiopathic nontropical sprue). Here also a 
range in serum albumin levels (0.8 Gm./100 ¢.c., Patient W. S. to 2.7 Gm./100 c¢.c., Patient 
J. S.) indicates varying severity of this defect. 

All patients in the first two diagnostic categories exhibited steatorrhea. 

The third category, which bears in Table I the heading “hypo- or dysproteinemias,” 
includes the following cases. 

1. Patient T. C. was deficient chiefly in the albumin fraction. This invited compari- 
son with the findings of Kinsell and co-workers’ in their patient with diagnosis idiopathic 
“hypoproteinemia.” A previously published+ die-away plot following I.V. albumin I! 
for this patient yielded a shortened apparent turnover time for albumins comparable to 
the figure recently published for this diagnosis by Schwartz and Thomsen in Denmark,} as 
well as a depressed total exchangeable albumin pool.* 

2. Patient A. R. exhibited deficiency chiefly in the gamma globulin fraction.t His 
idiopathically low level did not, however, approach the complete agammaglobulinemia of 


the patient we have previously reported in whom we could demonstrate no 8%5 uptake what- 
soever in the gamma position.® 


TABLE I* 


MAXIMUM MAXIMUM S35 UPTAKEt 
ALBUMIN 1131 INTER- 
DIAGNOSTIC UPTAKE TOTAL ALBU- MEDIATE GAMMA 
GROUPS PATIENT (% DOSE) PROTEIN MINS’ |GLOBULINS | GLOBULINS 
yf 1.5 9,600 2,300 5,800 1,400 
Pancreatic ALJ 4.0¢ 3,200 1.310 1,640 720 
disease Au. J. 4.0 3,500 1,350 2,000 500 
M.L. 6.5 3,400 1,200 1,800 550 
LA 4.5 3,600 1,280 1,750 480 
L. D. 18.0 5,500 1,400 2,600 1,120 
Small intestinal W.S. (1)$ ~— 5,600 900 2,600 980 
malabsorption (2) 9.0 5,100 1,800 3,400 600 
J.8. 12.0 3,500 1,050 2,750 400 
T. C. (albumins) || 11.2 9,200 6,500 3,300 1,100 
Hypo- or dyspro- A. R. 
teinemias _ (¥ globulins) a 3,260 1,048 1,928 584 
J.F. 
(y globulins) § oe 1,968 1,156 1,090 270 
Nutritionally 
normal J. M.$ 15.1 5,950 2,600 2,200 750 


*The diagnoses and paper electrophoretic albumin and globulin levels for 8 of the patients 
in Table I are given in Table I of the preceding paper in this series.t. (Also, in Fig. 1 of this 


reference, die-away plots are presented for albumins and gamma globulins of 5 of these 
patients. ) 


In addition, Patient V. H. presented chronic calcific pancreatitis (autopsy). His serum 
protein levels were: total protein 6.0, albumin 2.8, and globulin 3.2 Gm./100 ¢.c. Patient J. S. 
presented regional ileitis (surgery). His serum protein levels were: total protein 6.0, albumin 
2.7, and globulin, 3.3 Gm./100 c.c. 

7This uptake (corrected counts per minute) is corrected to a standard 0.5 me. oral dosage 
and is proportional to the true specific radioactivity in terms of me./Gm. 

tPostpancreatectomy study. Preoperative albumin I uptake was 15.0 per cent. 

§At initial labeling,’ electrophoretic partition showed total protein 3.0, albumin 0.8, and 
gamma globulins 1.2 Gm./100 c.c. During remission, repeat labeling,? showed total protein 5.5, 
albumin 2.2, and gamma globulin 1.2 Gm./100 c.c. 

Labeled with S® cysteine 0.5 mec. All others received S*® methionine 0.5 me. 


{This patient with multiple myeloma had, in addition, an “M” protein of 5.3 Gm./100 
c.c., With a maximum S® uptake of 342 c.p.m. 


3. In Patient J. F. the deficiency was also chiefly in the gamma fraction, but was ac- 
companied by a large fraction of slightly faster mobility characteristic of multiple myeloma. 


*Reference 4 discusses the role of noncooperation with diabetic management in the etiol- 
ogy of this patient’s hypoproteinemia. However, continuous ward observation for a period of 


nearly two years, with intensive efforts at supplementation, has led us to the belief that there 
is a further “idiopathic” factor. 


+Judged by absence of isohemagglutinins and by history of multiple bacterial infections, 
this patient approached the state of “immunologic paralysis’ although he demonstrated cutane- 
ous sensitivity to tuberculin. 
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Finally there is included one metabolically normal subject (J. M.) whose die-away 


plots followed both the oral S35 and the intravenous [131 fractions we have already pub- 
lished.1, 7 


Administration of Labels and Supplements; Radioactivity Measurements.—Two subjects 
(T. C. and J. M.) received oral S85 eysteine, 0.50 me. All others received oral 835 methio- 
nine, 0.50 me. Supplemental protein hydrolysates were given orally, in 2.5 Gm. doses at the 
time of labeling. Prolonged supplementation was not given. Sera were drawn at 1-, 2-, 
4-, 8-, and 24-hour intervals. Methods of fractionation, extraction, measurement of com- 
ponent concentrations and radioactivity have been described previously. No significant 
differences were observed between radioactivity measurements on specimens before and 
after dialysis.6 

Radioactivity uptakes were plotted on regular graph paper as corrected counts per 
minute against time in hours. By the corrections used these values are proportional to 
the specific radioactivities of the fractions in question (in terms of counts per minute per 
gram protein) and are corrected to a standard oral radioactivity dosage of 0.50 me. 

A maximum of 26,000 counts per minute in the “total protein” column of Table I 
would be achieved if 100 per cent of the oral dosage were present in a plasma volume of 
2,500 ¢.e. at the time of the uptake plot maximum. Individual plasma volume measure- 
ments were not carried out in this study. 

The albumin 1131 absorbtion test was performed as described by Freeark, Kozoll, and 
Meyer.S Normal maximal absorption with this procedure is 14 per cent (range, 10 to 22 per 
cent) of the given dose. 
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Fig. 1.—The incorporation of S® methionine (500 we) into unfractionated serum proteins 
during the first 24 hours after oral administration. The initials of specific patients are indi- 
cated on individual plots between hours 2 and 4, the total protein ranges between hours 6 and 
‘ above the abscissa. 
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RESULTS 


Uptake of S** by Unfractionated Serum Proteins.—The incorporation of S*° 
into the total serum protein reaches a maximum eight hours after oral admin- 
istration. Fig. 1 illustrates this by the complete plots for 9 of the 13 studies 
whose maxima are given in Table I. Not infrequently a maximum level is 
reached at 4 hours. Kinsell*® obtained similar results with intravenous S*” 
methionine. 


Inspection of the left side of Fig. 1 indicates a lack of correlation between 
the initial steepness of plot and the type of digestive disturbance. The plots 
of greatest (T. N.) and least (V. H.) steepness both correspond to a common 
pathogenesis, pancreatic disease. The next steepest (W. S., 1) and the next 
flattest (J. S.) correspond to syndromes in which local absorptive problems 
might be expected to influence a tolerance test. 
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2.—The incorporation of S® methionine (500 ue) into the serum albumins during the 


Fig. 
first 24 hours after oral administration. Patients and serum albumin concentrations ranges 
are indicated essentially as in Fig. 1 


Inspection of Fig. 1 and Table I, shows that the maxima of the uptake 
plots may be inversely correlated with the level of serum total proteins. The 


highest maximum oceurred in T. N., whose total protein was 4.0 Gm./100 e.e. | 
In patient T. C. (not shown in Fig. 1), with a total protein of 3.7 Gm./100 e.e., 


/ 580 
| 
Y 
. B 
/ 
If? 
Ax 
/ / 
4 
9: 


Volume 50 
Number 


PERSISTENCE IN BLOOD OF RADIOACTIVE LABELS 


a comparably high maximum is seen. L. D. shows a similar though somewhat 
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lower maximum. Kinsell’s demonstration® of an elevated uptake of S** into 
the total plasma protein of a patient with idiopathic hypoproteinemia is thus 


extended to hypoproteinemia of another etiology. 


However, this correlation does not always hold even in this small series. 
Patient W. S. was studied twice. In the first study, his total protein was 3.0 
(im./100 ¢.¢., while in the second study, during a period of remission, his total 
protein had risen to 5.5 Gm. per cent after intensive nutritional therapy on the 


ward. The 8 hour uptake maximum, however, was alike in both studies. 


Uptake of S** into Serum Albumins.—The highest maxima occurred in up- 
take plots of patients with the greatest depressions of the serum albumin level 


(e.g., Patient T. N. in Fig. 2 with an albumin level of 0.7 Gm./100 e.c. 
Patient T. C. (not illustrated), with an albumin level of 1.3 Gm./100 e. 


) In 
an 


uptake three times as great as this was achieved after oral S* cysteine. Again, 
Patient W. S., in duplicate studies, presented similar uptakes, although his 


albumin level had risen from 0.9 to 2.3 Gm./100 ¢.c. For patients with 


lesser 


degree of hypoalbuminemia, the corresponding differences in degree of uptake 
were less significant. As with the total serum proteins, there thus appears a 
rough inverse proportionality of uptake maximum to the level of serum albu- 


min. 
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Uptake of S* into Gamma Globulins——While in general uptake maxima 
were significantly lower than for corresponding albumins (compare Figs. 2 
and 3), in contrast to the albumins, no relationship could be observed between 
these maxima and the levels of serum gamma globulin (Fig. 3 and Table I). 
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HOURS AFTER ADMINISTRATION 
Fig. 4.—The incorporation of oral S*® cysteine into the serum protein fractions of a 


nutritionally normal patient (J. M.). Note that the gamma globulin maximum is much 
lower, and the alpha-beta maximum about the same as the albumin maximum. 


The highest maximum occurred in nutritionally normal Patient J. M. (Fig. 4, 
note S*°-eysteine label). However, both T. C. and T. N. (who showed highest 
total protein and albumin maxima) also presented high gamma globulin 
maxima when compared to the others in the group. 


Uptake of S** into Globulins of Intermediate Mobility—The plot maxima 
for this crude mixture of alpha-1, alpha-2, and beta globulins (Table I) have 
been in general greater than the corresponding albumins maxima save in the 
two instances where S** cysteine was used as the oral label. Fig. 4 presents, 
for Patient J. M., uptake plots which illustrate this point in comparison with 
those in Fig. 5 (Patient J. S.). 

While these high maxima are of interest in the light of the short appar- 
ent turnover times we have already published for this fraction, because of its 
erudity we will limit our discussion at this time to the albumins and gamma 
globulins, 


/ Vi 
N 
fi 
d 
25 | 
° 
x 
2.0 
15 | 
| 
| 
| 


veeme © PERSISTENCE IN BLOOD OF RADIOACTIVE LABELS 583 

I! Uptake from Oral Albumin I'*!.—The results of this procedure are 
given in Table I. All the patients with chronic pancreatic disease showed dif- 
ficulty in absorbing an albumin I'** test meal. Patient L. D., with idiopathic 
sprue, is of especial interest since she not only did not show any difficulty in 
absorbing the label from oral albumin [’**, but also little difficulty in S** amino 
acid uptake. The same is true for Patient J. S. (regional ileitis). 
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Fig. 5.—Incorporation of oral S*®* methionine into the serum protein fractions of a 


patient (J. S.) with regional ileitis and steatorrhea. Note that while gamma and alpha- 


beta maxima are similar to Fig. 4, the albumin maximum represents less than one-half the 
Fig. 4 value. 


DISCUSSION 


Given a standard dosage, the form of an oral tolerance plot is clearly a fune- 
tion of rates of absorption as influenced by both gastrointestinal motility and 
local conditions. Our oral uptake plots for total proteins resemble those pub- 
lished by Kinsell and co-workers following intravenous administration of S** 
methionine. The resemblance suggests such rapid intestinal absorption that 
oral labeled amino acids probably do not hold as promising a future role in 
clinieal elucidation of absorption defects as do the I'*!-labeled lipids.*-"" 

Further groups of variables which influence the form of the plot inelude: 
(a) rates of equilibration with extravascular body compartment; (b) rates 
of exeretion by the kidney; and (c) rates of metabolic turnover. Such a range 
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of uncontrolled variation makes it amazing that tolerance tests have been capa- 
ble of any useful clinical correlation. When an isotopic label is used a fur- 
ther variable is emphasized: namely, the circulating pool size of the unlabeled 
component to which the newly introduced label is added. 

Thus given hypothetically identical dosages, absorptions, and rates of 
incorporation into serum albumin, if the liver delivers the same amount of S®* 
albumin into identical plasma volumes of 2 subjects, one with an albumin level 
of 3 Gm./100 ml., the other with a level of 1 Gm./100 ml., the specifie radioac- 
tivities, and thus probably the plot maxima, will be one third as high for the 
first subject as for the second. This problem in more complex form is clearly 
recognized by Gould and co-workers” as a limitation in clinical estimation of 
the rate of cholesterol synthesis from uptake plot maxima following C* ad- 
ministration. These authors proposed correction procedures which might give 
their tolerance test ‘‘value as a clinical laboratory test.’’ Kinsell used such 
a correction in interpreting the twice normal S* uptake maxima in his patient 
: with idiopathic hypoproteinemia and concluded that the defect is ‘‘hyper- 
; catabolism not compensated by hyperanabolism.’’ If we apply correction fac- 
tors based on individual serum electrophoretic levels to the maxima of Table IJ, 

the resultant maxima should be, to a first approximation, independent of pool 


: size, and thus a rough measure of the synthesis rate of the component in 
question. 


TABLE IT 


LEVELS CORRECTED 
(GM./100 c.c.) RADIOACTIVITY MAXIMA 

ALBU- | GLOBU- | ALBU- | GLOBU- 
LINS | OTHER 


PATIENT | MINS | LINS |OTHER| MINS SUGGESTED INTERPRETATION 
Hypo-albuminemias 
~ T.N. 0.7 1.6 “— 420 1,720 -- Depressed albumins synthesis and ac- 
: celerated gamma globulin synthesis 
related to pancreatic disease and 
hepatic disease 
W.S.(1) (0.8 0.9 190 900 -- Depressed albumin synthesis related to 
W.S.(2) 2.2 0.9 -- 1,030 550 malnutrition of chronic small bowel 
SS disease, restored toward normal by 
dietary therapy 
7. ¢. 1.3 0.7 -- 2,200 810 -- Accelerated albumin synthesis in the 
face of chronic hypoproteinemia re- 
sistant to dietary therapy, pointing 
to a hypereatabolic albumin utiliza- 
tion without comparable gamma 
globulin abnormality 
Hypogammaglobulinemias 
A.R. 4.2 02" .. 4,140 140 .- Depressed gamma globulins synthesis 


in the face of normal albumin syn- 
thesis 


J.F. 2.1 0.55 5.3 632 115 1,395+ Depressed gamma globulins synthesis in 
the face of an elevated synthesis of 
the abnormal ‘‘M’’ protein; prob- 
able depression of albumin synthesis 


*This value was obtained at time of uptake study. Subsequent serial observations have 
yielded a range between 0.1 and 0.4 Gm./100 c.c. 


+“M” protein, intermediate in mobility between gamma and beta globulins. The correc- 
tion factor used was based on the normal circulating gamma globulins pool. If the circulating 


—— pool is used for the correction factor, the correct maximum becomes 470 counts per 
nute. 
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The roughness of the first approximation is indicated by the fact that the 
correction factors neglect unmeasured variability in plasma volume and in 
renal and fecal losses of the labeled amino acid as well as losses of the labeled 
protein component to extravascular compartments.* 


Table II (left side) presents the results of such correction to the albumin 
and gamma uptake maxima for the 5 patients of Table I for which correction 
factors are greatest.t These 5 patients include 3 hypoalbuminemias and 2 
hypogammaglobulinemias. 

It will be seen, for the former, that a deficient level has been found asso- 
ciated with uptake maxima both exceedingly low and quite high. Suggested 
interpretations (Table II, right side) indicate our belief in the possibility of 
thus differentiating a hypercatabolie from a deficient level due to other causes. 

Maxima for the hypogammaglobulinemias have been exceedingly low. It 
is tempting to interpret the low gamma globulin uptake in patient J. F. (mye- 
loma) as an ineapacity of the plasma cell mass to put out normal gamma globu- 
lins in the face of synthesis of ‘‘M’’ protein. In favor of this is the high ‘‘M’’ 
protein uptake and the normal albumin uptake (Table II, bottom line). 

We recognize that the maxima of these uptake plots may not reflect 
capacity of a given organ system for synthesis of a given protein component. 
For avidity in another organ system, rather that incapacity in the one, may 
so influence the distribution of labeled amino acid as to make estimates of 
defects in synthesis capacity undetectable. 


SUMMARY 


Because of our failure to achieve reliable metabolic and clinical interpre- 
tations of the die-away plots of autosynthesized plasma protein fractions fol- 
lowing oral S* amino acid administration, our attention has turned to the up- 
take plots of radioactivity during the first 24 hours after feeding the label. 
Such plots are subject to the multiple variables and interpretive pitfalls of 
tolerance tests, and are discussed in these terms. 

Plots are reported for a small pilot group of twelve subjects divided be- 
tween four diagnostie categories. The subjects were chosen: (a) to represent 
samples of the clinical spectra of hypoalbuminemia and hypogammaglobulin- 
emia; (b) to inelude a range of hypoalbuminemias on the basis of chronie pan- 
creatic deficiency, as well as the ‘‘idiopathic’’ and small intestinal malabsorp- 
tion type; and (e) to inelude subjects with normal serum concentrations of 
gamma globulins in the presence of albumin deficiency, and vice versa. 

No significant dialyzable radioactivity appeared in the blood stream after 
the oral S** amino acids. This suggests very rapid incorporation of absorbed 
dosage into serum proteins and/or segregation intracellularly. Nondialyzable 
serum radioactivity appeared within an hour. 


*The latter losses are probably sufficiently small as compared to the differences in uptake 
maxima, as to warrant neglect of the complex mathematical treatment at this stage of our 
work. 

+The correction factors, by which the Table I maxima are multiplied, represent the 
ratios of the observed electrophoretic concentration to the normal serum concentration of that 
~omponent. ‘ 
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Based on standardized label dosage, specific radioactivity maxima were 

achieved in about eight hours and were, in all instances, higher for albumins 
than for corresponding serum gamma globulins. 


While it proved possible to distinguish pancreatic hypoalbuminemias from 
both small intestinal malabsorption and from a normal subject on the basis 
of absorbed radioactivity from the oral intaet protein albumin I'**, no such 
differentiation could be accomplished by the initial slopes (representing rapid- 
ity of absorption) of the S* amino acid uptake plots. 

When uncorrected for the circulating pool of unlabeled protein component 
to which the newly synthesized S* protein is added, albumins uptake maxima, 
in general, appeared inversely proportional to the degree of hypoalbuminemia. 

While reflected in the uptake maxima for unfractionated serum proteins, 
such an inverse relationship did not appear applicable for gamma globulins. 

When maxima for the albumins and gamma globulins were subjected to 
an arbitrarily estimated correction for unlabeled circulating pools (a) the 
maxima for hypogammaglobulinemias were strikingly depressed as compared 
to the maxima for those subjects with a normal serum concentration of this 
electrophoretic component, while; (b) the instances of hypoalbuminemia in- 
cluded maxima both strikingly lower and considerably higher than those for 
subjects with more normal serum albumin concentrations. 

It is suggested that these maxima may bear a rough relation to the rates 
of synthesis of the component in question, and that the spread of albumins 


maxima suggests the possibility of clinically distinguishing ‘‘hyperecatabol- 
ism’’ from other mechanisms. 


While it is recognized that uptake plot maxima can never be a measure 
of maximum synthesizing capacity of an organ system, and merely represent a 
very rough approximation to the resultant of many simultaneous processes, 
nevertheless, these findings seem sufficiently encouraging to warrant further 
clinical exploration in a larger series of defects in the metabolism of plasma 
proteins. 


We are indebted to Warden Fred Hertwig of the Cook County Hospital and to the 
Drs. Leonard H. and Louis D. Weissman, Medical Research Foundation, for the provision of 
basie facilities for protein research at the Hektoen Institute. 
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THE EFFECT OF L-NOREPINEPHRINE ON URINE COMPOSITION 
AND ACID-BASE EQUILIBRIUM IN MAN 


Laruem, M.D.,* A. Marks, M.D.,** Berry S. Roor, M.D.,*** 
AND STANLEY E. Brap.ey, M.D. 
New York, N. Y. 


HE adrenal medullary hormones, l-epinephrine and |-norepinephrine, elicit 
; acute alterations in renal function when administered in physiologic dosage 
to normal man. Both induce intrarenal vasoconstriction and a reduction in 
renal blood flow, a sustained or increased urine volume, and an augmented tubu- 
lar reabsorption of sodium and potassium.’ The effect on urine flow has been 
attributed, at least in part, to suppression of the secretion of the antidiuretic 
hormone of the posterior pituitary.” > The factors contributing to the accelerated 
tubular electrolyte transport are not clear. This action of the medullary hor- 
mones appears to be independent of their pressor activity and also of secondary 
adrenal cortical secretion and renal neurogenic activity. The electrolyte re- 
taining effect of these substances has not, however, been demonstrated inde- 
pendently of the accompanying intrarenal circulatory adjustments‘ nor has the 
change in tubular activity been separated from the systemic metabolic altera- 
tions elicited by these hormones. 


These alterations in sodium and potassium output have been reported to 
. occur in association with other changes in urine composition. Chloride excre- 
tion has been found to diminish*® and urinary pH to increase. However, a sys- 
“ tematic study of the effects of the medullary hormones on urinary acid-base 
ms excretion has not been made. Alterations in plasma acid-base balance, consisting 
of an early, transient respiratory alkalosis’ * and a later and more prolonged 
metabolic acidosis,*"’ are elicited by these agents, but the relationship between 
these adjustments and the changes in urine composition is not known. 


These considerations lead to the present investigation which was under- 
taken in order to determine the effects of l-norepinephrine on urinary acid-base 
excretion and to study the relationship between the changes in urine and plasma 
composition. 
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METHOD 


The effects of l-norepinephrine on urinary and plasma acid-base composition were deter- 
mined in 12 nomal human subjects. The effects of ephedrine sulfate were observed in three 
additional subjects. The subjects varied in age from 21 to 58 years and were free from 
apparent cardiovascular or renal disease. Each was maintained on a regular hospital diet 
containing approximately 10 Gm. sodium chloride daily. 

All studies were made in the morning after an overnight fast and after the subject had 
ingested 500 ml. of water. Urine was collected under mineral oil through a multi-eyed urethral 
catheter. At the mid-point of each period enough urine was collected for the determination 
of pH and CO, content. At the end of each period the bladder was irrigated with distilled 
water and emptied as completely as possible by manual compression. Blood was withdrawn 
anaerobically at appropriate intervals from a brachial artery (10 subjects) into oiled hep- 
arinized syringes. In 5 subjects (D. H., E. P., E. C., J. S., and M. G.) samples of blood 
were taken from an antecubital vein following immersion of the forearm in water at 47° C. 
for 10 minutes. Blood was centrifuged immediately and the plasma was stored in a re- 
frigerator until analysis could be made, which was usually within 4 hours. 

Glomerular filtration rate was measured as the inulin clearance.11 The pH of plasma 
and urine were determined anaerobically at room temperature with a Cambridge glass electrode 
pH meter. Plasma pH was corrected to body temperature using a factor of 0.01 pH unit per 
degree centrigrade.2 Urine pH was not corrected to body temperature.12_ Urine and plasma 
were analyzed for total CO, content by the method of Van Slyke and Neill.13 Bicarbonate 
and carbonic acid concentrations were caleulated from the Henderson-Hasselbach equation 
using a value of 6.1 for pKa’. Carbon dioxide tension was calculated from the carbonic acid 
content, using a value of 0.301 and 0.0309 for @ in plasma and urine, respectively.14 Urinary 
titratable acid was determined with an external glass electrode, titrating to the pH of plasma 
with 0.01 N NaOH. The ammonia content of urine was determined by a modification of the 
method of Van Slyke and Cullen.15 The urine of two subjects (S. G. and E, T.) was analyzed 
for organic acids by the method of Van Slyke and Palmer.1¢6 However, a correction for creat- 
inine was not made. Urine and plasma were analyzed for chloride by the method of Schales 
and Schalesi7; for sodium and potassium in an internal standard flame photometer; and for 
inorganic phosphate by the method of Fiske and Subbarow.1s 

Following the determination of control values during 2 or 3 successive 10- to 20-minute 
intervals, l-norepinephrine (8 wg per ml. 5 per cent dextrose in water) or ephedrine sulfate 
(2 wg per ml.) was administered intravenously at a rate sufficient to maintain systolic blood 
pressure, determined sphygmomanometrically, at least 25 to 50 mm. Hg above control values. 
The amount of drug employed varied from 1 to 30 ug per minute of l-norepinephrine and 
from 0.5 to 6.0 mg. per minute of ephedrine. Blood pressure was allowed to stabilize from 
10 to 20 minutes and urine collected during this interval was discarded. Two or three clearance 
periods, 10 to 20 minutes in length, were then obtained during infusion of the pressor agent. 
One or two ‘‘recovery’’ periods were obtained after the drug was discontinued in all subjects 
but D. C. and D. T. Blood pressure and pulse rate were recorded every one to two minutes 
during and following infusion of the pressor agent. 

The response to l-norepinephrine was examined in 6 subjects who were in normal acid- 
base balanee and in 3 who had been given 6 to 12 Gm. of ammonium chloride orally over an 
S- to 12-hour period on the day prior to the study. Ammonium chloride was not given within 
« minimum of 4 hours, and usually not within 8 hours of the beginning of the experiment. 

Three additional subjects received an infusion of 2.25 per cent sodium bicarbonate at a 
rate (4 ml. per minute) sufficient to increase progressively the CO, content of plasma through- 
out the study. Two of these subjects (F. G. and E, P.) had received ammonium chloride the 
day previously. The response to ephedrine was studied in three subjects, two of whom (E. C. 
and J. 8.) had received ammonium chloride. 


RESULTS 


Response to l-Norepinephrine.—The changes in acid-base composition of 
urine and plasma induced by l-norepinephrine are presented in Table I. Plasma 
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TABLE I. THE Errect or L-NOREPINEPHRINE oy 


PLASMA 
SUBJECT B.P. Na K cl PO, HCO, pco, | 
SEX S.A. (mM./ (mEq./ | (mEq./ | (mEq./ | (mM./ | (mM./ | (mM./ | pH 
AGE PROCEDURE| Hg) P.R. L.) L.) L.) L.) L.) Hg) | (units 


B.W. Control 120/70 52 135 3.8 108 0.89 25.6 39.5 


7.44 

M 36 1.96 Infusion 159/81 50 135 3.6 106 0.72 24.2 37.5 7.44 
Recovery* 124/70 70 137 — 108 0.69 24.2 36.2 7.45 

D.H. Control 98/58 80 136 Fy | 109 0.77 24.8 43.2 7.38 

F 26 1.74 Infusion 144/88 54 129 3.8 106 0.72 23.8 41.5 7.39 
Recovery 96/50 66 129 3.5 105 0.75 24.3 41.9 7.38 

M.G. Control 110/60 76 134 3.6 110 us 25.5 35.9 7.49 

F 21 1.60 Infusion 146/88 60 136 3.5 106 ae 23.8 33.2 7.49 
Recovery 106/68 72 135 3.5 110 se 25.4 34.2 7.48 

S.G. Control 109/70 77 137 4.8 109 1.00 22.8 35.6 7.43 

M 40 1.62 Infusion 170/100 60 134 4.7 107 0.80 21.5 32.2 7.44 
Recovery 110/68 71 134 4.6 1038 0.80 22.4 33.6 7.44 

0.G. Control 98/68 72 142 4.1 108 1.16 26.3 39.9 7.44 

M 31 1.68 Infusion 136/80 64 141 3.9 106 1.09 25.6 39.2 7.43 
Recovery* 90/60 72 139 4.1 106 1.07 26.1 39.5 7.43 

D.C. Control 100/70 80 131 4.2 104 1.07 25.2 41.9 7:44 

M 49 1.68 Infusion 141/92 72 133 4.2 106 1.13 24.2 39.9 7.41 
A.C. Control 107/68 54 132 4,2 105 0.90 25.6 45.2 7.37 

M 37 1.88 Infusion 168/90 48 132 4,2 107 1.00 25.1 44.2 7.31 
Recovery 112/70 54 134 4.0 105 1.00 25.0 43.5 P74 

E.T. Control 120/72 90 133 4.3 105 0.83 21.5 38.2 7.39 

M 37 1.79 Infusion 172/90 66 133 4,2 105 0.87 19.3 41.5 7.28 
Recovery 120/70 82 133 4.1 109 0.85 21.0 38.2 7.36 

A.M. Control 120/78 96 131 3.9 112 0.87 17.9 34.2 7.34 

F 42 1.66 Infusion 164/90 78 129 4.1 110 0.93 i iy | 32.2 7.32 
Recovery 106/76 118 131 4.1 112 0.83 17.9 34.6 7.32 

Key to abbreviations: S.A. = body surface area (M?*); P.R. = pulse rate; V = urine flow 
(ml./min) ; FR = glomerular filtration rate, inulin clearance (ml./min.); T.A. = titratable acil 


- giaamaeet da A. C., E. T., and A. M. had received ammonium chloride on the day prior to the 
study. 


*All values are averages of two or more determinations except in instances marked with an 
asterisk. L-norepinephrine was administered during the “infusion’’ period at a rate sufficient to 


produce the desired elevation of arterial pressure, which was measured sphygomanometrically. The 
values of various urinary constituents represent excretory rates except for pH and pCOs. 


bicarbonate content decreased slightly, carbon dioxide tension fell, and the acid- 
ity of plasma was unchanged. The reduction in bicarbonate concentration var- 
ied from 0.7 to 1.7 meq. per liter, averaged 1.1 meq. per liter, and was highly 
significant (p < 0.01). During recovery all values returned promptly toward 
control levels. The plasma concentrations of sodium, potassium, chloride, and 
phosphate did not change. 

The urinary excretion of sodium and potassium diminished during 1|-norepi- 
nephrine infusion in 4 of 6 subjects. This reduction in cation exeretion was ac- 
companied largely by a diminished excretion of chloride, and in D. H. and M. G. 
by a reduction in bicarbonate output as well. Titratable acid, inorganic phos- 
phate, and ammonium excretion and urinary pH showed no consistent change. 
In some instances (D. H., 8. G., A. C., and D. C.) bicarbonate output appeared to 
vary with changes in urine flow rather than with changes in sodium and potas- 
sium output. This correlation has been noted by others.'® 1° Organic acid exere- 
tion, not presented in the table, did not change in the two subjects (S. G. and 
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\cip-BASE EQUILIBRIUM AND URINE COMPOSITION* 


URINE 
Vv Na | K cl PO, HCO, pco, 7k. NH, 


(ML./ pH (mEq/ | | (mEG/ | (uM/ | (uM/ | (mM./| (pEQG/ 
MIN.) | (units) MIN.) MIN.) MIN.) MIN.) | MIN.) Hg) MIN.) MIN.) 
5.61 101.5 43.3 0 , ’ 56.0 25.3 38.9 
5.08 86.8 37.4 0 ‘ . 55.5 33.9 41.3 
5.29 95.8 24.3 0 . a 51.5 22.5 32.1 


6.72 137.7 72.7 77.9 s ’ 35.8 5.0 14.8 
6.60 90.3 30.2 64.0 A : 35.8 6.5 24.3 
6.23 52.9 41.9 35.2 8.4 18.3 


6.59 271.8 70.3 200.0 ; 34.2 8.9 32.9 
5.82 206.0 55.4 103.9 : 38.2 34.7 
5.68 245.8 60.0 141.5 i 36.9 36.8 


6.75 75.4 49.4 71.7 
6.82 84.7 54.6 88.8 
28.7 38.3 40.3 


68.3 65.9 108.0 
79.9 53.3 118.0 
82.1 53.7 128.0 


145.0 38.8 126.0 
134.0 37.7 110.0 


205.2 79.2 301.7 
144.6 68.7 207.7 
148.9 55.0 204.8 


262.8 69.3 353.3 
76.0 40.9 136.5 
137.2 44.0 207.9 


193.0 41.2 250.0 
124.8 36.9 165.9 
91.3 20.2 130.9 


OwN Nivi 


30.8 13.5 
28.4 10.3 
49.9 11.2 


34.3 19.9 
34.7 22.1 
44.7 10.1 


63.4 13.9 
54.9 17.4 


43.9 45.0 
56.7 44.0 
44.3 46.0 


49.0 45.7 
47.5 45.3 
36.4 20.3 


43.4 22.9 32.8 
42.3 26.2 31.5 
35.5 16.6 25.1 
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kK. T.) in whom it was measured. Gross deficits of either cation or anion output 
were not encountered. The anion deficit apparent in subject B. W. was the 
result of the presence of Diodrast which was administered as part of another 
study. Subject M. G. also had received Diodrast. 

In two subjects (S. G. and O. G.) urinary electrolyte excretion, which was 
low in the contro! periods, increased in association with a rise in glomerular 
filtration rate. This response was unlike that usually elicited by the adrenal 
medullary hormones. However, in these subjects electrolyte output increased 
less than filtration, suggesting an augmented tubular reabsorption per unit of 
filtrate. No consistent alteration in urinary acid-base equilibrium was noted in 
these subjects. 

The withdrawal of |-norepinephrine was usually followed by a reduction 
in urine volume (Tables I and IT), which, in most, but not all, instances had been 
sustained or had increased during infusion of the drug. Sodium, potassium, and 
chloride output tended to return toward control levels or continued to fall at 
this time. Bicarbonate exeretion typically diminished, usually in association 
with the decline in urine flow, and the urine became more acid. Titratable 
acid, ammonium, and phosphate excretion did not change significantly. 


591 
cor | 

pH (ML./ 
nits) MIN.) 
7.44, 114 
7.44 114 
7.45 101 
7.38 123 
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TABLE II. THE Errect or L-NOREPINEPHRINE ON ACID-BASE EQuUuILiBRIDy 


PLASMA 
SUBJECT B.P. Na K cl | PO, HCO, poco, 

SEX S.A. (mM./ (mEq./ | (mEq./ | (mEq./| (mM./| (mM./| (mM./ | pH 
AGE PROCEDURE| Hg) | P.R. L.) L.) L.) L.) L.) Hg) | (units) 
F.G. Control 115/68 74 137 3.9 113 21.2 37.5 7.35 

F 36 1.59 Infusion 154/82 72 137 i 109 23.3 39.9 7.37 

Recovery 130/70 = 137 2 111 24.2 43.9 7.41 


E.P. Control 100/62 60 133 , 110 24.6 43.5 7.39 
37 1.62 Infusion 152/75 54 135 , 103 24.8 42.2 7.41 
Recovery 90/50 70 139 ; 106 27.6 43.5 7.43 


J.R. Control 110/70 78 138 . 108 25.3 41.2 7.4 

M 58 1.69 Infusion 152/80 72 — a 108 25.6 44,2 7.40 
Recovery 110/60 an 141 110 26.7 36.9 7.47 

See Table I for key to abbreviations. ; 


*All values are avergaes of two or more determinations except for the recovery period. | 
continuous infusion of 2.25 per cent sodium bicarbonate was administered throughout the study. L- 
norepinephrine was administered during the “infusion” period. Subjects F. G. and E. P. had r- 
ceived 8 Gm. of ammonium chloride on the day prior to the study. 


Pre ser 


Ammonium chloride was administered in three subjects in order (1) to in- 
crease titratable acid and ammonium output to levels at which changes during 
l-norepinephrine administration would be more easily interpretable and (2) to 
assure an adequate excretion of cation. The dosages employed produced a slight 
reduction in the pH of plasma in two subjects (E. T. and A. M.) but were in- 
sufficient to produce excessive alteration in urinary composition (Table I). The 
changes induced by l-norepinephrine under these circumstances closely resem- 
bled those observed in subjects who did not receive ammonium chloride (Table 
I). Titratable acid and ammonium output were not affected significantly and 
sodium, potassium, and chloride output diminished abruptly. 


In an attempt to separate the alterations in urine composition from the 
changes in plasma acid-base composition induced by l-norepinephrine an infu- 
sion of 2.25 per cent sodium bicarbonate was administered intravenously to three 
subjects at a rate sufficient to prevent the usual fall in plasma bicarbonate con- 
tent elicited by l-norepinephrine. The results of this study are presented in 
Table II. Plasma bicarbonate concentration increased progressively throughout 
the study in each instance. Other plasma constituents were not affected signif- 
icantly during the administration of sodium bicarbonate except for a tendency 
for the pH to inerease and for sodium concentrations to rise and chloride con- 
centrations to fall. The typical changes in urine composition elicited by ]-nor- 
epinephrine occurred in these subjects. Sodium, potassium, and chloride output 


fell and no consistent change in urinary pH or ammonia or titratable acid 
excretion occurred. 
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Response to Ephedrine.—Ephedrine, which resembles the adrenal medullary 
hormones chemically but which differs in its effects on renal hemodynamies and 
electrolyte excretion,t was administered to 3 subjects (Table III) in order to 
evaluate further its effects on renal electrolyte metabolism. 

The bicarbonate content of plasma and pCO, remained constant in two sub- 
jects (D. T. and E. C.) during the pressor response to ephedrine. In the third 
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\yp URINE COMPOSITION DuRING INFUSION OF 2.25 PER CENT SopIUM BICARBONATE* 


URINE 
Na K cl PO, HCO, | pco, 


pH (mEq/ | (uEq/ | (wEq/ | (uM/ (mM./ 
(units) MIN.) MIN.) MIN.) MIN.) Hg) 
5.20 193.0 113.5 325.3 9.4 ' 35.8 
6.28 21.6 47.1 37.8 4.1 ‘ 32.4 
5.88 78.5 36.7 64.7 11.4 2 40.1 


5.13 192.8 109.0 313.5 17.2 : 42.3 
6.59 39.5 52.2 63.5 10.2 : 33.0 
6.48 53.4 39.6 47.0 14.4 : 47.6 


6.96 74.8 110.9 108.9 11.4 , 43.4 
6.66 35.6 75.6 45.7 9.9 : 46.4 
6.58 27.6 55.7 34.5 8.1 ; 41.8 


subject (J. S.) the bicarbonate content of plasma decreased and fell further 
after the drug was discontinued. The sustained elevation of arterial pressure 
at this time in J. S. and in E. C. suggests continued pressor and perhaps met- 
abolie activity of ephedrine during the ‘‘recovery’’ period. The acidity of 
plasma was unaltered during the infusion of ephedrine and the plasma con- 
centrations of sodium, potassium, chloride, and inorganic phosphate remained 
constant. The changes in plasma composition thus resembled those elicited by 
the adrenal medullary hormones, but were less consistent, an observation which 
might have been predicted from previous observations of the effects of this agent 
on ventilation®” and on carbohydrate metabolism.2? Urinary sodium and chlo- 
ride output increased in two subjects (D. T. and E. C.) in association with an 
increment in glomerular filtration rate and diminished in the third study in 
association with a fall in filtration. Sodium output inereased more than filtra- 
tion in subjects D. T. and E. C., suggesting diminished tubular reabsorption per 
unit of filtrate. The sodium-inulin clearance ratio did not change in J. 8. Po- 
tassium output fell progressively in all three studies. These results are in sub- 
stantial agreement with previous observations‘ of the effeets of ephedrine on 
electrolyte exeretion, except that changes in filtration were more prominent in 
the present study. No consistent effect was noted on urinary acidity and CO, 
content or on titratable acid, ammonium or inorganie phosphate excretion. 


DISCUSSION 


L-epinephrine increases transiently the depth and rate of respiration when 
administered in physiologic amounts to man and induces a mild respiratory 
alkalosis.” ° Later, laetie acid accumulates in extracellular fluid secondary to 
accelerated glycogenolysis® in muscle, and extracellular bicarbonate content re- 
mains reduced despite apparent correction of the respiratory alkalosis.* L- 
norepinephrine induces similar but somewhat less pronounced changes,” *° 
although alterations in plasma lactic acid content are not a prominent feature 


*The plasma concentration of other organic acids may also increase secondary to mus- 
cular activity during overventilation,” ** However, in the present study urinary organic 
acid excretion did not change. 
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PH | (ML./ (uEq/ | (mEq/ 
mits) @ Min.) | MIN.) MIN. ) MIN.) 
7.35 3.5 16.5 
7.37 104 5.1 6.8 =e 
7.41 116 1.5 6.5 aa 
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TABLE IIT. THE Errect OF EPHEDRINE 


PLASMA 
SUBJECT B.P. Na K cl PO, HC); pco, 
SEX S.A. (mM./ (mEq./| (mEq./ | (mEq./| (mM./ | (mM./ | (mM./ pH 
AGE PROCEDURE Hg) P.R. L.) L.) L.) L.) L.) Hg) | (units) 
E.C. Control 116/78 76 135 4.0 109 0.9 25.1 38.5 7.44 
F 48 1.49 Infusion 169/90 74 135 3.4 108 0.7 24.8 34.6 7.45 
Recovery 160/82 72 137 3.2 109 0.8 24.8 38.9 7.44 
J.S. Control 120/86 68 131 4.3 105 1.0 24.1 41.5 7.39 
F 21 1.90 Infusion 169/88 85 135 4.2 104 0.8 23.4 40.5 7.37 
Recovery 153/89 88 135 3.7 102 0.8 22.1 38.2 7.38 
D.T. Control 124/70 70 142 3.3 107 0.7 26.2 36.5 7.48 
M 40 1.69 Infusion 156/70 80 143 3.8 108 0.7 26.9 36.5 7.48 


See Table I for key to abbreviations. 


*All values are the averages of two or more determinations. Ephedrine was administered in- 
travenously during the “infusion” period. Subjects E. C. and J. S. had received 8 Gm. of am- 


monium chloride on the day prior to the study. 


of the later phase of acid-base adjustments.27 Explanation of the reduction in 
bicarbonate content at this time is not clear. Adjustment to this later and more 
prolonged displacement of acid-base balance is apparently made almost entirely 
by changes in ventilation. In the present study the caleulated carbon dioxide 
tension of plasma usually fell and renal mechanisms for compensation were not 
apparent. Although tubular reabsorption of sodium and potassium increased 
at this time, as has been noted previously,’ these changes in tubular activity 
appeared to be independent of the accompanying systemic metabolic alterations. 
The tubular response to l-norepinephrine was unmodified when, as a result of 
an infusion of sodium bicarbonate, plasma bicarbonate content increased rather 
than diminished and the plasma became more alkaline. Moreover, tubular ex- 
change of hydrogen (as titratable acid) and ammonium ions was not accelerated 
during the infusion of norepinephrine, and sodium and potassium returned to 
the circulation largely as chloride salts, a transfer which, if prolonged, would 
have tended to perpetuate rather than alleviate the accompanying reduction in 
plasma bicarbonate content. However, in some subjects bicarbonate-obligated 
eation was reabsorbed in increased amounts as well, and displacement of acid- 
base equilibrium was thereby minimized. This may account in part for the ab- 
sence of disturbances of acid-base balance in clinical circumstances, such as pheo- 
chromocytoma, in which prolonged or excessive adrenal medullary hormonal 
activity might be expected, although other corrective adjustments may also occur 
which limit not only this disturbance but the retention of electrolytes as well.’ 

The factors which determine the relative rates of chloride and bicarbonate 
reabsorption are obscure. The availability of anion did not appear to condition 
tubular activity, although in subjects who had received ammonium chloride the 
relative abundance of chloride in tubular urine, from which practically all bi- 
carbonate-obligated cation was extracted, resulted in the reabsorption of cation 
almost entirely as chloride salts. In part, the reabsorption of bicarbonate- 
obligated cation appeared to be independent of the action of l-norepinephrine. 
In many instances changes in the exeretion of bicarbonate paralleled changes 
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Number 


px AcID-BASE EQUILIBRIUM AND URINE COMPOSITION* 


GFR 


| URINE 
Vv Na K cl PO, HCO, pco, T.A. NH, 


(ML./ | (ML./ pH (mEq/ | (uEq/ | (mEq/ | | | (mM./| | (pEQG/ 


MIN. ) 
108 
131 
129 


113 
96 
117 


69 
76 


MIN.) | (units) MIN.) MIN.) MIN.) MIN.) | MIN.) Hg) MIN.) MIN.) 
3.8 5.17 125.6 70.5 177.6 pe 43.0 25.5 27.0 
8.8 5.51 186.4 52.8 217.5 17.4 44.0 28.8 40.9 
6.8 5.29 141.0 39.8 163.0 17.0 39.7 27.1 33.3 


3.5 4.71 197.0 85.9 300.0 13.6 33.4 31.2 36.8 
4.3 4.69 168.0 70.0 184.0 13.6 39.0 27.6 30.9 
6.9 4.95 148.0 59.7 213.7 16.2 37.1 31.8 35.4 


6.9 6.56 158.8 61.8 144.1 8.8 42.8 10.0 18.1 
7.8 6.45 211.0 45.4 179.1 10.1 49.9 TL 20.2 


Nis Qwis 


bo bo 


in urine volume and were independent of alterations in sodium and potassium 
output. This phenomenon has been described previously’? '® and has been 
attributed to mixing of tubular urines of varying pH and buffer content.’* 


The site within the nephron of the accelerated tubular transfer of electro- 
lyte is unknown. The data obtained in the present study are consistent with 
either proximal or distal tubular reabsorption, or both. However, tubular ex- 
change mechanisms at either site appeared to play little role, unless reabsorption 
of biearbonate-obligated cation is considered to oceur in large part as a result 
of tubular cation exchange.** The failure of urinary acidity to change con- 
sistently may be attributed to the relatively constant excretion of titratable acid, 
to the inconstant alteration in bicarbonate output, and to the buffering capacity 
of the urine. 

The mechanism of the electrolyte retaining activity of the adrenal medullary 
hormones was not clarified by the present study. This response appears to be 
independent of systemie acid-base adjustments and, as previous studies have 
demonstrated,* it is not mediated through secondary hormonal or neural path- 
ways. Moreover, the different urinary electrolyte patterns elicited by ephedrine 
and |-norepinephrine, as demonstrated in this and previous investigations,‘ 
suggest that nonspecific pressor activity does not play a role. There remains the 
possibility, not tested in the present study, that loeal intrarenal circulatory 
adjustments and reduction in renal blood flow to tubular tissue elicit the re- 
tention of sodium and potassium chloride and bicarbonate or that the adrenal 
medullary hormones condition this response direetly through alteration of tubu- 
lar cellular metabolism. These views have been considered previously.‘ 


SUMMARY 


L-norepinephrine induced a reduction in plasma bicarbonate content with 
no change in pH when administered intravenously to normal human subjects. 
Renal tubular reabsorption of sodium, potassium, and chloride and of biearbon- 
ate-obligated cation increased without consistent change in inorganic phosphate 
or ammonium exeretion or in urinary pH or titratable acid exeretion. These 
changes were observed in subjects premedicated with ammonium chloride and 
were unmodified during an infusion of sodium bicarbonate which progressively 
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increased plasma bicarbonate content. 


October, 1957 


These results suggest that alterations in 


urine formation elicited by l-norepinephrine were independent of the accom- 
panying displacements of plasma acid-base balance. Ephedrine sulfate elicited 
similar but less constant changes in plasma acid-base composition, but tended to 
depress rather than augment tubular electrolyte reabsorption. 


Patterson, and Miss Phyliss Kallenburg fer technical assistance. 


. Leindorfer, A.: 


The authors are grateful to Mrs, Joan Banfield, Mrs. Lottie Klayman, Mrs. Michaeleen 


REFERENCES 


Smythe, C. McC., Nickel, J. F., and Bradley, S. E.: The Effect of Epinephrine (USP), 
1-Epinephrine, and 1-Norepinephrine on Glomerular Filtration Rate, Renal Plasma 


Flow, and the Urinary Excretion of Sodium, Potassium and Water in Normal Man, J. 
Clin, Invest. 31: 499, 1952. 


- Pullman, T. N., and McClure, W. W.: ‘The Effect of 1-Nor-Adrenaline on Electrolyte 


Excretion in Normal Man, J. Las. & CLIN. Mep. 39: 711, 1952. 


. Jacobson, W. E., Hammarsten, J. F., and Heller, B. I.: The Effects of Adrenaline Upon 


Renal Function and Electrolyte Excretion, J. Clin. Invest. 30: 1503, 1951. 


. Nickel, J. F., Smythe, C. MeC., Papper, E. M., and Bradley, 8S. E.: A Study of the 


Mode of Action of the Adrenal Medullary Hormones on Sodium, Potassium, and 
Water Excretion in Man, J. Clin. Invest. 33: 1687, 1954. 


. Verney, E. B.: Croonian Lectures. Antidiuretic Hormone and Factors Which Deter- 


mine Its Release, Proc. Roy. Soc., London B135: 25, 1947. 


Schlegel, J. U., Betheil, J. J., and Bloch, A. L.: Effect of Epinephrine on Urinary pH 
and Electrolyte Excretion in Man, J. Clin. Endo. & Metab. 13: 1082, 1953. 


. Whelan, R. F., and Young, I. M.: The Effect of Adrenaline and Noradrenaline In- 


fusions on Respiration in Man, Brit. J. Pharmacol. 8: 98, 1953. 


. Peters, J. P., and Van Slyke, D. D.: Quantitative Clinical Chemistry. Interpretations, 


Baltimore, 1946, The Williams & Wilkins Co., vol. 1, pp. 243. 


. Bradley, R. D., Gaskell, P., Holland, W. W., Lee, G. de J., and Young, I. M.: The 


Acid-Base Changes in Arterial Blood During Adrenaline Hyperpnoea in Man, J. 
Physiol. 124: 213, 1954. 


. Peters, J. P., Jr., and Geyelin, H. R.: The Relation of the Adrenalin Hyperglycemia to 


Decreased Alkali Reserve of the Blood, J. Biol. Chem. 31: 471, 1917. 


. Bradley, 8S. E., Bradley, G. P., Tyson, C. J., Curry, J. J., and Blake, W. D.: © Renal 


Function in Renal Diseases, Am. J. Med. 9: 766, 1950. 


. Kennedy, T. J., Jr., Orloff, J., and Berliner, R. W.: Significance of Carbon Dioxide 


Tension in Urine, Am. J. Physiol. 169: 596, 1952. 


. Van Slyke, D. D., and Neill, J. M.: The Determination of Gases in Blood and Other 


Solutions by Vacuum Extraction and Manometric Measurement. I., J. Biol. Chem. 
61: 523, 1924. 


. Sendroy, J., Jr., Sielig, S., and Van Slyke, D. D.: Studies of Acidosis; Application of 


Henderson-Hasselbach Equation to Human Urine, J. Biol. Chem. 106: 463, 1934. 


. Hawk, P. B., Oser, B. L., and Summerson, W. H.: Practical Physiological Chemistry, 


New York, 1954, The Blakiston Co., Ine., p. 889. 
Van Slyke, D. D., and Palmer, W. W.: Studies of Acidosis. XVI. The Titration of 
Organic Acids in Urine, J. Biol. Chem. 41: 567, 1920. 


- Schales, O., and Schales, 8. 8.: A Simple and Accurate Method for the Determination 


of Chloride in Biological Fluids, J. Biol. Chem, 140: 879, 1941. 


Fiske, C. H., and Subbarow, Y.: The Colorimetric Determination of Phosphorus, J. 
Biol. Chem. 66: 375, 1925. 


. Wolf, A. V.: Renal Regulation of Water and Some Electrolytes in Man, With Special 


Reference to Their Relative Retention and Excretion, Am. J. Physiol. 148: 54, 1947. 

The Action of Sympathomimetic Amines on the Central Nervous 
System and the Blood Sugar: Relation of Chemical Structure to Mechanism of 
Action, J. Pharmacol. & Exper. Therap. 98: 62, 1950. 


. Whitfield, A. G. W., Arnott, W. M., and Waterhouse, J. A. H.: The Effect of Ephedrine 


in Asthma and Emphysema, Quart. J. Med. 19: 319, 1950. 


. Peters, J. P., and Van Slyke, D. D.: Quantitative Clinical Chemistry. Interpretations, 


Baltimore, 1946, Williams & Wilkins Co., vol. I, pp. 258. 


. Peters, J. P., Bulger, H. A., Eisenman, A. J., and Lee, C.: Total Acid-Base Equilibrium 


of Plasma in Health and Disease. IV. The Effects of Stasis, Exercise, Hyperpnea 
and Anoxemia; and the Causes of Tetany, J. Biol. Chem. 67: 175, 1926. 


Ve 
Ni 
2 
2 
2 
| 
7 
9 
| 10 
: 
— 
13 
14 
18. 
19 
20 
21 
23 


er ” EFFECT OF L-NOREPINEPHRINE ON URINE COMPOSITION 597 
umber 


. Hubbard, R. 8., and Wright, F. R.: Blood Acetone Bodies After the Injection of Small 
Amounts of Adrenalin Chloride, J. Biol. Chem. 49: 385, 1921. 

5. Cori, C. F., and Buchwald, K. W.: Effect of Continuous Intravenous Injection of 
Epinephrine on the Carbohydrate Metabolism, Basal Metabolism and Vascular 
System of Normal Man, Am. J. Physiol. 95: 71, 1930. 

3. King, B. D., Sokoloff, L., and Wechsler, R. L.: The Effects of 1-Epinephrine and 
l-Norepinephrine Upon Cerebral Circulation and Metabolism in Man, J. Clin. 
Invest. 31: 273, 1952. 

. Bearn, A. C., Billing, B., and Sherlock, 8.: The Effect of Adrenaline and Noradrenaline 
on Hepatic Blood Flow and Splanchnic Carbohydrate Metabolism in Man, J. 
Physiol. 115: 430, 1951. 

. Berliner, R. W.: Tubular Secretion of Potassium and Acid, Transactions 3rd Confer- 
ence. Renal Function, New York, 1951, Josiah Macy, Jr., Foundation, pp. 174. 


N 
2 
2 
2 
2 
| | 
| 


J 
3 
5 


vr 


USE OF METHYLENE BLUE AS AN INDICATOR FOR ARTERIAL 
DILUTION CURVES IN THE STUDY OF HEART DISEASE 


Irwin J. Fox, M.D.,* anp Eart H. Woop, M.D., Pu.D.** 
RocHESTER, MINN. 


ULTIPLE recordings of indicator-dilution curves following selective in- 

jections of dye into various sites in the central circulation have become 
an indispensable part of diagnostic cardiae catheterization procedures per- 
formed in this laboratory.* Their greatest usefulness has been in the detection, 
localization, and quantitation of intracardiac shunts in patients with con- 
genital cardiac malformations.**° Reeently, dye-dilution curves have also 
found application in the diagnosis of aequired héart disease.*~° 


Frequently, in order to allow a definitive diagnosis to be made during diag- 
nostie right or left heart catheterization, multiple arterial dilution curves are re- 
corded following injection of dye into various sites in the heart and great vessels. 
Evans blue dye (T-1824), the indicator commonly used, has the disadvantage of 
doses exceeding approximately 0.5 mg. per kilogram’? which, in addition to 
causing bluish discoloration of the skin and mucous membranes when given in 
the cosmetic effect limiting the number of eurves which may be performed, 
interferes with determination of blood oxygen saturation by oximetry and with 
the clinical evaluation of cyanosis, as for example, after cardiae operations. 

To avoid this bluish discoloration it was decided to reinvestigate the use 
of methylene blue as an indicator in dye-dilution curves, this substance having 
been previously used for this purpose!’ '? and found not to produce bluish 
discoloration in this same dosage range. 

Evans blue and methylene blue are both aniline dyes. Evans blue (T- 
1824), a triphenyl methane dye which has a molecular weight of 960.83, has 
been widely used for blood-volume studies." It ean be quantitatively deter- 
mined in blood spectrophotometrically in accordance with the Lambert-Beer 
law. Methylene blue or tetramethyl-thionine chloride, which has a molecular 
weight approximately one third as great as that of T-1824 (373.90), on the 
other hand, cannot easily be accurately quantitated in this fashion, sinee it 
exhibits the so-called spectral anomaly in aqueous solution, that is, deviation 
from the Lambert-Beer law, for reasons which are as yet not completely ex- 
plained but in which reversible polymerization of the dye molecules is generally 
agreed to play a dominant role.‘*"* 


The Mayo Foundation, Rochester, Minn., is a part of the Graduate School of the Uni- 
versity of Minnesota. 


Received for publication April 10, 1957. 
*Minnesota Heart Association Fellow in Medicine, Mayo Foundation. 
**Section of Physiology, Mayo Clinic and Mayo Foundation. 
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Fig. 1 compares the light transmission by aqueous solutions of both Evans 
blue* and methylene bluet dyes in equal concentrations of 5 mg. per liter. 
This graph also shows the sensitivity of the red photocell-filter assembly, the 
actual detecting element of the earpiece or cuvette oximeter, for changes in the 
amount of oxyhemoglobin and reduced hemoglobin or for changes in dye 
concentration. Since the peak sensitivity of the red photoceell-filter assembly 
is at approximately 640 my, it is apparent that methylene blue is photo- 
metrically superior to Evans blue as an indicator for detection by oximetry. 
In this regard, it should be remembered that in similar concentrations of these 
dyes there.are approximately three times as many molecules of methylene blue 
as of Evans blue. Using the values for optical density obtained spectrophoto- 
metrically, the molecular extinction coefficients (Emol) for aqueous solutions (5 
mg. per liter) of Evans blue and methylene blue were calculated to be 40,000 
and 60,000, respectively, at a wave length of 640 mu. 
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Fig. 1—Comparison of light transmission of aqueous solutions (5 mg./L.) of Evans blue 
and methylene blue dyes and the relative spectral sensitivity of the red photocell-filter assembly 
of the oximeter. Note that at the peak sensitivity of this photocell (640 mz) the methylene 
blue solution absorbs more light than Evans blue, transmitting approximately 20 per cent of 
the light of this wave length as compared to 55 per cent transmission for Evans blue. 


METILODS 


Dilution patterns were recorded simultaneously by earpiece and cuvette oximeters} 
following the sudden single injection of indicator using a technique previously described.1 
Successive injections into the same site in the central circulaticn of equal doses of both 
methylene blue and Evans blue dyes 3.3 to 21.1 minutes (average: 5.7) apart were per- 
formed in 12 normal persons and in 28 patients with heart disease. At times the recording 
of the methylene blue curve preceded that of the T-1824 curve, while at other times the order 
was reversed. The dosage of dye ranged from 0.1 to 0.3 mg. per kilogram (mean: 0.2 
mg. per kilogram). To minimize interference in recording of the curves due to fluctuations 
in arterial blood oxygen saturation (reduced hemoglobin absorbs light of the same wave 
length as the dyes), most of the dilution curves were recorded with the normal subjects 


*Warner-Chilcott Laboratories, New York, N. Y. 
*Central Scientific Company, Chicago, 
Manufactured by the Waters Corporation, Rochester, Minn. 
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and patients breathing 100 per, cent oxygen. In specific instances dye curves were re- 
corded with the patients breathing room air in order to permit subsequent determination 
of the effect of breathing high concentrations of oxygen on the magnitude of the intra- 
cardiac shunt1® and also to see if methylene blue behaves differently under these two 
conditions. Sudden single injections of indicator were made into the right or the left 
pulmonary artery, the main pulmonary artery, the right ventricle, the superior vena cava, 
and the inferior vena cava. The dilution curves following each injection were recorded 
simultaneously at the two ears and directly in arterial blood by having blood flow through 
a cuvette oximeter attached to an indwelling needle in a radial artery. An example of «an 
original photographic recording is shown in Fig. 2. 


EVANS BLUE DYE : METHYLENE BLUE DYE 


OXIME TER (s.s.) 
| 


Left Ear 


CUVETTE OXIMETER (ss)~ A, 
Radial Artery 


RESPIRATION 


LIGHT 
TRANSMISSION 
OF LEFT EAR 


LIGHT 
TRANSMISSION | 
OF BLOOD 


} 

BLOOD FLOW THRU _ 


Fig. 2.—Original photographic record showing dilution patterns recorded simultaneously 
at the left ear and radial artery following successive injections of Evans blue and methylene 
blue dyes in equal doses (0.13 mg./Kg.) into the pulmonary artery of a healthy subject (man, 
30 years old). The arrow indicates the instant of dye injection; subject breathing 100 per 
cent oxygen, in this and succeeding figures. In the methylene blue curves in contrast to 
Evans blue, note the greater peak deflection, the absence of a systemic recirculation peak, and 
the almost complete disappearance of detectable methylene blue from arterial blood within 
60 seconds after injection, as contrasted to retention of an appreciable amount of the dye 
in the ear at this time. 


In order to compare the contours of the curves obtained using the two different dyes 
in healthy subjects and in patients without intracardiac shunts, the peak deflection (PC), 
the deflection at the point of least concentration (LC), and that at the peak of the 
systemic recirculation (MRC),2° as well as the deflection 30 seconds after the peak deflec- 
tion, were measured in the Evans blue dye curves and at points corresponding in time on 
the associated methylene blue dye curves (Fig. 3). Similar measurements were made in 
the curves recorded simultaneously at the ears. 


In curves recorded in patients with left-to-right intracardiac shunts the peak deflection 
(PC) and the deflections at 10-, 20-, and 30-second intervals after the peak were measured 
in a similar fashion in the T-1824 and the methylene blue curves recorded both directly 
in arterial blood (cuvette oximeter) and at the ears (Fig. 4). These measurements permit 
a comparison of the effect of the presence of a left-to-right shunt on the dilution patterns 
produced by the two different dyes, since a prolongation of the disappearance slope in 
Evans blue curves is a characteristic finding in patients with a hemodynamically significant 
left-to-right shunt.6 


In curves obtained in patients having right-to-left shunts, the formula of Swan and 


co-workers5 was applied to compare the values for the right-to-left shunt derived from 
successive T-1824 and methylene blue dilution curves. 


0.13 mg,/kg. | 
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Number 


Because it became evident from the recorded arterial dilution curves that the meth- 
ylene blue dye was rapidly leaving the circulation and since alterations in the simultaneously 
recorded ear oximeter curves suggested the deposition of a portion of the dye in the tis- 
sues on its first circulation, it was decided to follow the changes in both T-1824 and 
methylene blue dye concentration in ‘‘bloodless tissue’’ (the pressurized ear) using an 
ear oximeter and applying the technique of Connolly and Wood.1° The relative dye content 
of ‘‘bloodless’’ tissue was determined by inflating the pressure capsule of the ear oximeter 
immediately prior to, and on an average of, 2.67 minutes (range: 1.58 to 5.01 minutes) 
after the injection into the central circulation of T-1824 and 2.36 minutes (range: 1.42 
to 4.01 minutes) after the injection of an equal dose of methylene blue. 


RESULTS: 


COMPARISON OF CONTOURS OF METHYLENE BLUE 
AND EVANS BLUE DYE CURVES 


A. Normal Subjects——The peak deflections of the arterial dilution curves 
recorded at the radial artery in 12 healthy subjects following the injection of 
methylene blue, which amounted to 15.3 em. (10.5 to 21.8), were 1.9 (1.5 to 2.2) 
times as great as those recorded followine injection of equal doses of T-1824 


(Table I). The appearance times and the times at which the peak deflection 


TABLE DinwtTion PATTERNS AT THE RADIAL ARTERY OF 12 NoRMAL SUBJECTS AFTER 


SUCCESSIVE INJECTIONS OF EQUAL DOSES oF EVANS BLUE AND METHYLENE 
BLuE INTO THE PULMONARY ARTERY OR SUPERIOR VENA CAVA 


DEFLECTION AT: 
30 SECONDS 
LC MRC AFTER PC 
Pc (CM.) AS PER CENT OF PC 
Evans blue 8.2 9.6 20.1 16.0 
Methylene blue 15.3 8.0 4.3 2.9 
Mean difference —7.1 1.6 15.8 13.1 
Range -3.5 to -11.8 4.2 to 6.1 13.7 to 19.9 7.5 to 19.0 


PC = peak concentration; LC = least concentration; MRC = maximal recirculation 
concentration. 


(PC) occurred were significantly earlier (0.8 second; range: 0.3 to 3.4 seconds) 
after injection of methylene blue than after injection of Evans blue. The 
methylene blue and Evans blue curves returned toward the base line at nearly 
similar times (T-1824 curves, time of occurrence of LC: mean, 13.2 seconds 
after PC; range, 10.0 to 17.0 seconds), the deflections at LC amounting to 
fairly similar percentages of their peak concentrations, comprising 8.0 per cent 
(3.8 to 11.4) and 9.6 per cent (2.4 to 17.0), respectively, of the peak deflee- 
tions for the two dyes. Nevertheless, whereas the methylene blue curves steadily 
declined toward the base line for the remainder of their course, evidence of 
systemic recirculation, when present, being quite small, the T-1824 arterial blood 
and ear oximeter eurves were characterized by the presence of a systemic 
recirculation peak of considerable magnitude which occurred at approximately 
21.6 seconds (15.5 to 27.6 seconds) after PC (Table I and left panel of Fig. 3). 
At the height of the svstemie recireulation (MRC) in the Evans blue curves the 
deflection produced directly in the arterial blood by T-1824 was still 20.1 
per cent (16.3 to 24.5) of peak deflection, while, at a similar time interval 
‘rom the peak, the methylene blue curves had diminished to a deflection 
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amounting to only 4.3 per cent (1.4 to 7.0) of their peak deflection. This 
difference in the concentrations of the two dyes in arterial blood was even more 
striking at a time 30 seconds after the peak concentration, when the methylene 
blue deflection had fallen to only 2.9 per cent (0.9 to 4.8) of peak deflection 
while the deflection produced by Evans blue still comprised 16.0 per cent 
(10.4 to 21.0) of its earlier peak deflection, a value which in the case of Evans 
blue is related to the blood volume of the individuals studied! (Table I and 
Fig. 3). This difference in concentration in arterial blood of the two dyes 
could indicate the occurrence of one of three possibilities: namely, that 
methylene blue is rapidly and completely reduced in the blood stream to its 
colorless leuko form, that the dye is lost from the blood stream to the tissues 
on its first passage through the cireulation, or that both of these events are 
taking place simultaneously. 


CUVETTE OXIMETER (S.S.) EAR OXIMETER 
Radial Artery Left Ear 


Methylene Blue Methylene Blue 
0.13 mg./kg. 0.13 mg./kg. 


| 
| | 


INJECTION INTO PULMONARY ARTERY 


— Evans Blue (T-1824) 
Methylene Blue 


Fig. 3.—Arterial dilution curves recorded simultaneously by cuvette and ear oximeters 
following successive injections of Evans blue (solid lines) and methylene blue (dotted lines) 
dyes superimposed to facilitate comparison of their contours. The subject was a_ healthy 
man, 30 years of age. On the left are shown the curves recorded directly in arterial blood 
and on the right the ear oximeter curves. The Evans blue curves recorded directly in the 
blood and at the ears are similar, showing the usual pattern with a definite systemic recircu- 
lation peak and a plateau-equilibrium concentration which is related to the blood volume. 
In the methylene blue curves, in addition to the greater peak deflections and absent systemic 
recirculation peaks, note the rapid disappearance of the dye to almost zero concentration in 
arterial blood within seconds after injection, while the earpiece curve at this same time still 
shows the presence of a considerable amount of the dye in the ear (see text). 


Evidence that methylene blue rapidly passes from blood to tissue was 
obtained from the dilution curves simultaneously recorded at the ears (right 
panel of Fig. 3). While the peak deflection of the ear oximeter curves recorded 
after injection of methylene blue again was greater than that after injection 
of T-1824 (mean value 2.1 times as great; range: 1.4 to 2.6), the amount of 
dye detected at the ear for the remainder of the methylene blue curve com- 
pared much more closely to that for the Evans blue curve than was the ease 
directly in arterial blood. Thirty seconds after the peak concentration, at a 
time when the methylene blue content detectable directly in arterial blood 
was reduced to only 2.9 per cent of the peak, the methylene blue deflection 
at the ears still amounted to 17.1 per cent of the peak deflection as compared 
to 19.1 per cent for T-1824 (Table II). With the knowledge obtained from 
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the cuvette oximeter eurves recorded directly in arterial blood that a rela- 
tively much smaller amount of methylene blue could be detected in the blood 
stream by this time, the conclusion that at least a portion of the methylene 
blue dye was entering the tissues (including ear tissue) during its first cireula- 
tion seemed reasonable. Also supporting this view was the finding that in 
methylene blue curves recorded in normal subjects the systemic recirculation 
peak was either absent or markedly reduced and also the failure on several 
oceasions to detect any recirculation of methylene blue dye at the ears or 
radial artery following the continuous, constant-rate injection of relatively 
large doses of this dye (20 mg. per minute) into the descending aorta.** 
Both of the latter findings, however, could also be explained by rapid redue- 
tion of the dye in blood to its colorless form. 


TABLE II. PATTERNS AT THE Ear or 12 NorMAL Sussects AFTER SUCCESSIVE 
INJECTIONS OF EQUAL Doses OF EVANS BLUE AND METHYLENE BLUE INTO THE 
PULMONARY ARTERY OR SUPERIOR VENA CAVA 


DEFLECTION AT: 


30 SECONDS 


MRC AFTER PC 


PC (CM.) | 


AS PER CENT OF PC 


Evans blue 
Methylene blue 
Mean difference 
Range 


6.1 
12.8 
—6.7 
-1.2 to -12.2 


19.1 
2.0 
-17.7 to 14.4 


43 


-1.8 -9.6 to 15.5 


PC = peak concentration ; 


LC 
concentration. 


least concentration; MRC 


maximal recirculation 


TABLE TIT. ABSENCE OF EVANS BLUE AND PRESENCE OF METHYLENE BLUE IN ‘‘ BLOODLESS’? 
Ear TISSUE IN 23 CASES APPROXIMATELY 2.5 MINUTES AFTER SUCCESSIVE 
INJECTIONS OF EQuaL Doses or THESE DYES 


OPTICAL DENSITY RATIO (Dp/D 


BEFORE 1.4 To 5.0 MINUTES 
INJECTION AFTER INJECTION 

| | 0.00 + 0.002 
0.02+ + 0.002 


1.26 + 0.02* 1.26 + 0.02 
1.25 + 0.02 1.27 + 0.02 

*The numbers following the + signs are the standard errors of the mean values. 

{Statistically significant; p value < 0.001. 


| DIFFERENCE 


Evans blue 
Methylene blue 


Direct evidence for the rapid deposition of methylene blue in the tissues 
was obtained by speetrophotometiie study of the light transmission of ‘‘blood- 
less’’ ear tissue. Optical density ratios (Dp/Diz) of the ‘‘bloodless’’ ear tissue, 
caleulated immediately before and at a mean time interval of 2.67 minutes 
(1.58 to 5.01 minutes) after injection of T-1824 into 23 healthy subjects and 
patients with heart disease, were not significantly different (p <0.9). This 
confirms the previous findings of Connolly and Wood,'® who also found no 
evidence of deposition of dye in the pinna of the ear or webs of the fingers 
immediately after injection of T-1824. 

However, 2.36 minutes (1.42 to 4.01 minutes) after injection of an equal 
dose of methylene blue dye into the same 23 persons, the optical density 
ratios of the ‘‘bloodless’’ ear tissue were significantly increased over readings 
obtained before the injection (p <0.001)° (Table III). This corroborates the 
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CUVETTE OKIMETER(S.S.) EVANS BLUE OVE METHYLENE BLUE DYE 


Radial Artery 2 


OXIMETER Left Far—__\ 


T-1824 
0.19 mg./kg. 


Fig. 4.—Comparison of arterial dilution curves following successive injections of Evans 
blue and methylene blue dyes (0.19 mg./Kg.) into the pulmonary artery of a patient (woman, 
48 years of age) with a large intracardiac left-to-right shunt (80 per cent of pulmonary 
flow) via an atrial septal defect. Solid lines: direct arterial blood (cuvette oximeter) curves; 
dashed lines: ear oximeter curves. Note that the peak deflections of both curves are con- 
siderably smaller than in the curves recorded in the normal subject (Fig. 3), who actually 
received a proportionately smaller dose of dye. Note also the relatively greater peak de- 
flection (PC) and the considerably faster decline in peak concentration in the methylene 
blue curve than in the Evans blue curve. Vertical dashed lines in the left panel indicate 
on the T-1824 curve the points at which deflections were measured in left-to-right shunt 
curves, that is, PC and the deflections at 10. 20, and 30 seconds after the peak concentration. 
Dashed lines in the right panel indicate points at which deflections were measured for cal- 
culation of the disappearance slope ratio. BT = build-up time on the cuvette curve. 
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Fig. 5.—Effect of exclusion of blood from the ear tissue in the optical pathway of the 
ear oximeter on the pickup of methylene blue by this tissue during and after intravenous 
injection of the dye into a healthy subject (man, 38 years of age). The figure shows a 
comparison of the changes in apparent concentration of methylene blue in arterial blood 
and in “bloodless” (pressurized) ear tissue. Blood flow was excluded from the tissue in 
the optical path of the oximeter on the left ear for approximately 10 minutes beginning just 
prior to injection of the dye, while in the right ear blood flow to the tissue in the optical 
path of the oximeter was unimpeded during this period except during the 30-second periods 
required to measure the relative concentration of the dye in the pressurized (‘bloodless’) tis- 
sue of this ear. Note (1) the immediate high concentration (increase in optical density 
ratio) of methylene blue in arterial (radial artery) blood following injection and its sub- 
sequent rapid disappearance, (2) the immediate detection of a considerable quantity of 
methylene blue in the “bloodless” tissue of the right ear, and (3) that the apparent pickup 
of dye in the “bloodless” tissue of the left ear (from which blood was excluded during the 
period of high concentration in arterial blood) was much less than in the right ear. The 
initial peak of apparent concentration in the pressurized left ear, simultaneous with the 
peak concentration in arterial blood, is due to the effect of reflected light from the tissue 
contiguous to the pressurized area from which blood flow could not be excluded. Similarly, 
the small persisting increment in the optical density of the left ear tissue following the dye 


injection is probably produced in the same manner by the dye taken up by the contiguous 
(nonpressurized) tissues. 
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suggestion from the simultaneous cuvette and earpiece oximeter dye-dilution 
curves indicating that the methylene blue dye was rapidly leaving the blood 
stream and at least a portion of it was being deposited in the tissues. 

To further confirm this observation a series of experiments was carried 
out in which dilution curves of methylene blue were recorded simultaneously 
in radial artery blocd and at both ears; the blood, however, was excluded 
from the optical path of one earpiece during the dilution eurve by inflating 
its pressure capsule to 250 mm. of mereury. When this was done, the quantity 
of methylene blue subsequently detectable in the ear tissue from which blood 
was excluded during the dilution curve was strikingly less than in the ear 
tissue with unimpeded blood flow during and immediately after injection of 
methylene blue (Fig. 5). 

To study transformation of the spectral transmission of the dye in blood 
in vitro, suecessive sudden injections of Evans blue and methylene blue dye 
were made into oxygenated fresh human blood (heparinized) contained in a 
moving Waring blendor from which the blood was being continuously sampled 
through a cuvette oximeter. Comparison of the resultant curves of dilution 
(Fig. 6) shows an apparent disappearance of the methylene blue dye in the 
blood, which oceurred at a progressively slower rate after initial mixing of 
the dye and blood. This decrease in spectral absorption by methylene blue in 
blood may be due to the movement of dye into the cells and its intracellular 
reduction to the colorless leuko form. 


EVANS BLUE DYE METHYLENE BLUE DYE 


APPARENT 
DYE CONTENT 
(mg/L.) 


LIGHT 
TRANSMISSION 
OF BLOOD 


Fig. 6.—Original recording of apparent changes in concentration of Evans blue and 
methylene blue immediately after mixing of dye and blood in vitro (see text). Note that 
after a small “overshoot” (not instrumental) the recorded concentration of Evans blue in 
the mixture remains stable. In contrast. a rapid “disappearance” of methylene blue occurs, 
apparently due to decolorization of the dye in blood. The apparent concentration of methy- 
lene blue in the mixture decreased in 2 minutes to about 50 per cent of its initial value and 
remained approximately stable at this value for the duration of the observations (30 minutes). 


B. Patients With Left-to-right Intracardiac Shunts.—Decrease in the 
magnitude of the peak deflection and prolongation of the disappearance slope 
associated with an absent systemic recirculation peak in T-1824 arterial dilu- 
tion curves have become recognized as the hallmarks of the presence of a left- 
to-right shunt® (Fig. 4). These findings have also been noted in dilution 
curves recorded in patients with severe yalvular insufficieney.° When com- 
pared to the mean peak deflections obtained in the normal subjects with the 
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two dyes, the diminution in magnitude of the peak deflections in 10 patients 
with left-to-right shunts was similar in the methylene blue and T-1824 curves, 
the mean peak concentrations amounting to 66.1 and 63.5 per cent, respectively, 
of the mean values for peak concentration obtained in the normal subjects. 
The degree of prolongation of the disappearance slope, however, was consider- 
ably less in the curves recorded after injection of methylene blue than after in- 
jection of Evans blue. Comparison of the deflections detected directly in the 
arterial blood 10, 20, and 30 seconds after the peak deflection in successive 
methylene blue and Evans blue curves in these 10 patients with left-to-right 
shunts revealed deflections amounting to 51, 41, and 34 per cent of peak de- 
flection in the Evans blue curves at these times compared to concentrations of 
31, 16, and 11 per cent of peak deflection in the curves recorded following 
injection of methylene blue (Table IV). These figures, however, do indicate 
the presence also of definite prolongation of the disappearance slope of the 
methylene blue curves in patients with left-to-right shunts compared to curves 
obtained in normals in whom at similar times, dye concentrations were ap- 
proximately one-fourth of these values (Table I). Gross inspection of the 
curves revealed no difference in the behavior of methylene blue as an indicator 
when the patients were breathing air or oxygen. 


TABLE IV. DILUTION PATTERNS AT THE RADIAL ARTERY OF 10 PATIENTS WITH INTRACARDIAC 
LEFtT-TO-RIGHT SHUNTS AFTER SUCCESSIVE INJECTIONS OF EQuAL DOSES OF EVANS BLUE 
AND METHYLENE BLUE INTO THE PULMONARY ARTERY OR SUPERIOR VENA CAVA 


10 SECONDS 20 SECONDS 30 SECONDS 
AFTER PC AFTER PC AFTER PC 
PC (CM.) AS PER CENT OF PC 
Evans blue 5.2 50.6 40.6 34.0 
Methylene blue 10.1 31.0 16.4 10.9 
Mean difference —-4.9 19.6 24.2 23.1 
Range —11.4 to 0.3 1.4 to 28.8 12.5 to 41.3 11.4 to 41.2 
PC = peak concentration. 


TABLE V. COMPARISON OF DISAPPEARANCE SLOPE RATIOS CALCULATED FROM SUCCESSIVE 
Evans BLUE AND METHYLENE BLUE ARTERIAL DILUTION CURVES IN 12 NORMAL SUBJECTS, 
IN Four PATIENTS WITH STENOTIC VALVULAR HEART DISEASE AND IN 12 PATIENTS 
WITH INTRACARDIAC LEFT-TO-RIGHT SHUNTS 


DISAPPEARANCE SLOPE RATIO IN: 
PATIENTS WITH PATIENTS WITH 
NORMAL STENOTIC VALVULAR INTRACARDIAC 
SUBJECTS HEART DISEASE LEFT-TO-RIGHT SHUNTS 
Evans blue 0.30* 0.32 0.65 
(0.21-0.38) t (0.25-0.40) (0.44-0.88) 
0.26 0.26 0.50 


Methylene blue 


(0.16-0.34) (0.15-0.37 ) (0.35-0.72) 


*Mean value. 
TRange. 


To quantitate the disproportionate prolongation of the disappearance 
slope caused by a left-to-right shunt, the so-called disappearance slope ratio 
was devised. This ratio is caleulated by dividing the deflection oceurring at 
a time equal to the build-up time (BT)*° after the peak deflection by the peak 
deflection (PC): Disappearance slope ratio — (Deflection BT seconds after 
PC) + PC (Fig. 4, right panel). 
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In Fig. 7 the disappearance slope ratios for the successive Evans blue 
and methylene blue curves recorded at the radial artery are compared with 
the magnitudes of the left-to-right shunts measured in 12 patients during the 
same cardiac catheterization procedure. A fairly good correlation between 
the size of the left-to-right shunt and the disappearance slope ratio is evident 
both for the Evans blue and for the methylene blue arterial dilution curves. 
The mean values and ranges for the disappearance slope ratios determined 
from the successive dilution curves recorded in normal subjects and in the 
eardiae patients with and without left-to-right shunts are given in Table V. 
Patients with valvular heart disease in whom the presence of valvular insuf- 
ficiency was found at operation or necropsy or in whom there was a strong 
clinical suspicion of the presence of valvular insufficiency were exeluded. As 
is evident both from Table V and from Fig. 7, there was no overlap of normals 
and left-to-right shunt patients when this ratio was calculated either from the 
T-1824 curve or from the associated methylene blue curve. As expected, owing 
to the rapid loss of methylene blue from blood, ratios caleulated from meth- 
ylene blue curves were systematically smaller than those for Evans blue. 
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Fig. 7.—Relation of left-to-right shunt to disappearance slope ratio calculated from 
successive Evans blue and methylene blue dilution curves recorded at the radial artery in 12 
patients with intracardiac left-to-right shunts. Note the fairly good correlation between 
the size of the left-to-right shunt (measured at cardiac catheterization) and the disappearance 
slope ratio of both the Evans blue (left panel) and methylene blue (right panel) dilution 
curves. The disappearance slope ratios obtained in 12 normal subjects and 4 patients with 
stenotic valvular heart disease (in whom both an intracardiac shunt and significant valvular 
insufficiency had been excluded) are plotted along the ordinate. 


C. Patients Without Intracardiac Shunts.—In the nine eardiae patients 
without significant intracardiac shunts studied, comparison of the successive 
methylene blue and Evans blue arterial dilution curves yielded results which 
would be expected on the basis of the foregoing data. In 4 patients who had 
severe mitral or aortie stenosis (without significant insufficiency) the T-1824 
curves were of the typical so-called failure type, that is, the curves were shallow 
and all of the time components were markedly but symmetrically prolonged 
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(Fig. 8). Accompanying methylene blue curves revealed peak concentra- 
tions which were 1.9 (1.4 to 2.5) times as great as those after T-1824 and 
similarly displayed a prolongation of all of the time components. The disap- 
pearance slope of these curves, however, again was proportionately less pro- 
longed than in the associated Evans blue curves, as was the ease in the normal 
subjects and in patients with left-to-right shunts. 


OXIMETER Left Eor EVANS GLUE OVE 


CUVETTE OXIMETER 
Radial Artery 


T- 1824 
0.24 mg./kg. 


METHYLENE BLUE DYE 

OXIMETER Left Eor 

CUVETTE OXIMETER 
Radial Artery 


Methylene Blue 
0.24 mg./kg. 
Scm, 


Fig. 8.—Comparison of arterial dilution curves following successive injections of vans 
blue and methylene blue dyes into the pulmonary artery of a patient with stenotic valvular 
heart disease without an intracardiac shunt (man, 36 years of age; aortic stenosis). Note 
the prolongation of all of the time components of these curves, especially the . prolonged 
systemic recirculation time of 52 seconds (normal: approximately 21 seconds). The sys- 
temic recirculation peak is evident only on the T-1824 curve recorded at the radial artery. 
The differences in amplitudes of the curves recorded at the ear and at the radial artery are 
due to the low sensitivity of the earpiece to dye in arterial blood which is encountered oc- 
casionally and occurred in this particular patient. 


EVANS BLUE DYE METHYLENE BLUE DYE 


T-1824 Methylene Biue 
0.16 mg./kg. 0.16 mg./kg. 


—---Oximeter Left Ear 
—— Cuvette Oximeter Radial Artery 


Fig. 9—Comparison of arterial dilution curves recorded following successive injections 
of Evans blue and methylene blue dyes into the superior vena cava of a patient with an 
intracardiac right-to-left shunt (girl, 5 years of age; ventricular septal defect with pul- 
monary hypertension). The right-to-left shunt pattern consists of an early appearance of 
dye with a double hump contour, the first hump representing dyed blood which has passed 
through the defect directly into the systemic circulation to the sampling site and the second 
hump representing dyed blood which has followed the normal. longer pathway through the 
lungs. The magnitude of the right-to-left shunt is determined by dividing the area of the 
first or shunt triangle (slanted lines) by the sum of the areas of the two triangles shown. 
Note the proportionately greater area of the initial triangle in the methylene blue curve. 
which calculated out to represent a 40 per cent right-to-left shunt compared to a 25 per 
cent shunt calculated from the Evans blue curve. This difference is due to loss of methylene 
blue in the lungs coupled with rapid decolorization in the blood (see text). Note also the 


decreased amplitude and relatively poor definition of the curves recorded at the ear; this is 
sometimes seen, especially in infants.‘ 


D. Patients With Right-to-left Intracardiac Shunts.—In 9 patients with 
congenital heart disease in whom the presence of an intraeardiae right-to-left 
shunt was detected during cardiac catheterization by means of dye-dilution 
curves and, in some of the cases, also from the arterial blood oxygen saturation 
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data, successive methylene blue and T-1824 curves were recorded at a mean 
time interval of 4.0 minutes (range: 3.1 to 4.8 minutes). In 3 of the patients 
the veno-arterial shunt was located at the atrial level and in the remaining 6 
it was at the ventricular level. 


Analysis of these curves was confined to a comparison of the magnitude 
of the ealeulated right-to-left shunts using the formula of Swan and associates? 
(Fig. 9). <A similar percentage shunt would be expected if the areas of the 
primary and secondary deflections in curves recorded following the injection 
of each of these dyes maintained a similar proportion to each other. 


From Table VI it can be seen that in the patients with moderately sized 
right-to-left shunts, all of whom had an interventricular communication, meth- 
ylene blue curves tended to exaggerate the magnitude of the shunt (see also 
Fig. 9). In the 4 patients with atrial septal defect, all with small right-to- 
left shunts, the shunts ealeulated from the methylene blue and Evans blue 
dye curves were not significantly different. 


TABLE VI. COMPARISON OF RIGHT-TO-LEFT SHUNTS CALCULATED FROM SUCCESSIVE DYE- 
DILUTION CuRVES USING EVANS AND METHYLENE BLUE 


RIGHT-TO-LEFT SHUNT AS PER CENT OF SYSTEMIC FLOW IN: 


FOUR PATIENTS WITH ATRIAL FIVE PATIENTS WITH VENTRICULAR 
SEPTAL DEFECTS SEPTAL DEFECTS 


EVANS METHYLENE EVANS METHYLENE 
BLUE BLUE DIFFERENCE BLUE BLUE DIFFERENCE 
10 10 0 33 36 
32 32 


-1 29* 


-1 23 
39 


*Patient breathing room air; all other curves recorded with patient breathing 100 per 
cent oxygen. 


The initial deflection of dilution curves recorded in the presence of a 
right-to-left shunt (Fig. 9) represents dyed blood which passes through the 
intracardiae defect directly to the systemie arteries and sampling site without 
traversing a capillary bed, while the second deflection represents dyed blood 
which has passed in the normal fashion through the capillary bed of the 
lungs. Therefore, if a significant amount of methylene blue disappeared from 
the blood stream during passage through the lungs a discrepancy in the 
estimate of veno-arterial shunts caleulated from methylene blue and Evans 
blue dye curves would be expected. 

The technique of simultaneous right and left heart catheterization** 
afforded an opportunity of obtaining direct evidence with regard to possible 
loss of methylene blue dye in the lungs. Dilution curves were recorded simul- 
taneously at the radial artery and at the ear following successive injections of 
equal doses of T-1824 and methylene blue into the left atrium and the pulmonary 
artery. Dye injected into the pulmonary artery must traverse the pulmonary 
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capillary bed, while dye injected into the left atrium reaches the sampling 
site without passage through lung tissue. Also because of the longer distance 
to the sampling site, dye injected into the pulmonary artery remains in 
contact with the blood for a longer period than that injected into the left 
atrium, again giving a greater opportunity for disappearance of dye in the 
blood proper, as illustrated in Fig. 6. By eomparing the ratio of the peak 
deflections recorded at the radial artery following the injections of identical 
doses of T-1824 (which is known to remain in the blood stream for a consider- 
able period’®) into the pulmonary artery and into the left atrium with the 
ratio obtained following the injection of methylene blue dye into these sites, 
an estimate of the average amount of dye disappearing during passage through 
the lungs is possible. In 5 such experiments, the amount of methylene blue 
dye ‘‘lost’’ in the lungs, as estimated by the foregoing method, was found to be 
13 per cent (range: 1 per cent to 40 per cent). 


DISCUSSION 


In substituting methylene blue for Evans blue as indicator in arterial 
dilution curves an immediately apparent disadvantage is the inability to use 
methylene blue curves for cardiac output determinations, since this dye cannot 
easily be quantitated spectrophotometrically in blood. Methylene blue, how- 
ever, finds considerable use as an indicator in diagnostic cardiae catheteriza- 
tion. In patients with left-to-right shunts it has been possible to estimate 
grossly the magnitude of the shunt from the Evans blue dilution curves." 
Reorientation of the criteria used in this method of estimating the magnitude 
of left-to-right shunts is necessary when methylene blue is used, because of 
the (apparently) lesser degree of prolongation of the disappearance slope in 
the methylene blue curves. When this is done, a semiquantitative estimation 
of the magnitude of the left-to-right shunt is possible from the methylene blue 
curves of apparently the same degree of accuracy as when Evans blue is used. 
With regard to the detection of left-to-right shunts by means of dye curves 
it must be remembered that the systemic recirculation peak may be absent in 
methylene blue dilution curves recorded in normal subjects and that this de- 
ficiency cannot be regarded as an abnormal finding. 


Because, milligram for milligram, it produces twice the deflection of 
T-1824, methylene blue has an advantage over T-1824 in the detection and 
localization of right-to-left shunts. 

Another important function which methylene blue serves in the diagnostic 
applications of indicator-dilution curves is to permit the repetition of dilution 
curves, unsatisfactory for technical or other reasons, without fear of gross 
discoloration of the patient’s skin, as would be the case were Evans blue the 
only available indicator. 

Indigo carmine, which has recently been used in the performance of ar- 
terial dilution curves,”* offers the possibility of overcoming some of the dis- 
advantages of methylene blue. Because it is not lost from the blood stream 
before one circulation is completed, its dilution patterns can be used for deter- 
mination of cardiac output, and for this same reason they resemble closely 
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eurves recorded following injection of T-1824. Its relatively low spectral 
absorption in the region of 640 mp requires the use of comparatively large doses 
of this substance for the satisfactory recording of arterial dilution curves by 


means of oximetry. However, this dosage does not produce appreciable 
discoloration of the skin.” 


SUMMARY 


The contours of dilution curves recorded simultaneously at the radial 
artery and at the ears following successive injections of equal doses of Evans 
blue and methylene blue were studied in 12 healthy subjects, 28 patients with 
congenital heart disease, and 9 patients with acquired heart disease. 


1. Methylene blue in doses required for diagnostic purposes does not 
produce discoloration of the skin, as may occur following use of Evans blue. 


2. In equal doses methylene blue produced a peak deflection which was 
approximately double that following injection of Evans blue; however, the 
systemic recirculation peak was diminished or absent. 


3. Methylene blue was found to be largely lost from the blood stream 


on its first circulation and eould be detected in bloodless ear tissue within 
seconds after its injection. 


4. Determinations of dye content in bloodless (pressurized) ear tissue 
2.5 minutes after intravenous injection of 0.2 (0.1 to 0.3) mg. per kilogram 
of Evans blue and of methylene blue revealed appreciable quantities of meth- 
vlene blue but no detectable Evans blue in the tissue at this time. 


5. In vitro experiments revealed rapid (approximately 50 per cent) dimi- 
nution in spectral absorption within 2 minutes after the mixing of methylene 
blue dye and whole blood. The apparent concentration of dye in the mixture 


‘then remained approximately stable for the duration of the observations (30 
minutes). 


6. Appreciable apparent loss of methylene blue from the blood stream 
during its first passage through the pulmonary circulation was demonstrated. 

7. In patients with left-to-right shunts a similar degree of correlation 
was demonstrated between the degree of disproportionate prolongation of the 
disappearance slope of Evans blue and methylene blue dilution curves and 
the magnitude of the shunt as determined by cardiae catheterization. 

8. Methylene blue can be used in a similar fashion to Evans blue dye for 
the detection and localization of right-to-left shunts. Loss of methylene blue 
in the dye-blood mixture traversing the lungs may result in an overestimation 
of the magnitude of right-to-left shunts when this indicator is used. 


9. It is concluded that methylene blue is a valuable adjunct te Evans 


blue for use as an indicator for recording of selective dye-dilution curves during 
diagnostic cardiac catheterization. 
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THE METABOLIC EFFECTS OF PROGESTERONE IN MAN: 
DOSE RESPONSE RELATIONSHIPS 


Ricuarp L. LANpAv, M.D., KATHLEEN LuGIBIHL, A.B., DELBERT M. BERGENSTAL, 
M.D., ANp DEAN F. Druck, M.D.* 
Cuicaco, 


EVERAL aspects of the metabolic influence of administered progesterone 
in men and women have been described in recent publications by this 
group.’ Confirming an isolated experiment performed by Abels and Dobriner,® 
it was shown that progesterone in a dosage of 50 to 100 mg. daily consistently 
induced a moderate increase in the net rate of protein catabolism. Kyle and 
Hess® have obtained similar results. This nitrogen dissipation probably re- 
sults from a direct or indirect effect on several organs or tissues, since, with 
the exception of muscle, no single tissue could provide the amount of protein 
catabolized as a result of this treatment. The process is not mediated by the 
adrenals, the pituitary, or thyroid glands and does not require the presence 
of adrenal or pituitary secretions. Estrogen does not potentiate the response 
and, although anabolic itself, does not inhibit it. 

Progesterone was also shown to possess a transient sodium and chloride 
dissipating influence in subjects with normal adrenal glands, and a more in- 
tense and protracted saluretie effect in desoxycorticosterone and cortisone- 
treated Addisonians. In one adrenal deficient patient progesterone did not 
affeet sodium and chloride exeretion when the adrenal insufficiency was 
treated with salt alone, but after cortisone and desoxycorticosterone had been 
given the usual intense salt loss was induced. It was accordingly suggested 
that this effect of progesterone was probably explained by the competitive 
inhibition at a renal level of adrenal salt retaining hormones. 

The 50 and 100 mg. daily dosages of progesterone which were employed 
in the above studies are amounts which, judging from pregnanediol excretion 
studies, approximate the quantity of progesterone secreted during early preg- 
naney.2 From the standpoint of gaining an appreciation of the importance of 
the metabolic effects of progesterone in human physiology it was also neces- 
sary to determine its influence at dosages comparable to the amounts secreted 
at other times. Accordingly the effeets of 6.25 to 300 mg. per day have been 
studied in several subjects, thus covering the physiologic range from the 
progestational phase of the menstrual cycle to the last trimester of pregnancy. 


From the Department of Medicine, University of Chicago School of Medicine, Chicago, 
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Fig. 1.—The effects of courses of 12.5 and 25 mg. of progesterone daily on the urinary 
excretion of total nitrogen, sodium, chloride, and creatinine in L.V., an arthritic man. Broken 
horizontal lines indicate the averages of pretreatment controls. 
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Fig. 2.—The effects of 15, 50, 150, and 300 mg. per day of progesterone on the urinary 
excretion of total nitrogen, inorganic phosphorus, potassium, sodium, and creatinine in J. P.. 
the obese diabetic woman. Fasting and 4:30 P.M. postprandial blood sugars drawn during 
treatment varied from 112 to 168 mg. per 100 ml. and did not differ significantly from control 
——., ~ glycosuria occurred at any time. Broken horizontal lines indicate the average of 
control values, 
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SUBJECTS 


L. V., a 60-year-old man, was rather severely crippled by rheumatoid and degenera- 
tive arthritis. At the time these studies were performed he was afebrile and the rheuma- 
toid arthritis was inactive. His basal metabolic rate (Mayo Foundation Standard) was 
+5 with basal calories of 1,460 per day. 


L, S., a 53-year-old postmenopausal woman, was chronically undernourished because 
of functional anorexia. She weighed just 77 pounds. The basal metabolic rate was —10 
with basal calories of 820. For the sake of brevity detailed data from this experiment 
are not included, but will be referred to in the text. 

J. P. was a 56-year-old postmenopausal woman suffering from diabetes, obesity, and 
arteriosclerotic heart disease. When she was on a restricted diet no insulin was required, 
but when she ate freely, as was often her habit, she took as much as 80 units of insulin 
per day. During the studies recorded here no insulin was required. 

R. B. was a 53-year-old obese man with mild arteriosclerotic heart disease. His 
metabolic rate was +7 with basal calories of 1,940 per day. 

E. C. was a postmenopausal woman with chronic neurodermatitis of the thighs. Her 
metabolic rate was —15 with basal calories of 1,090 per day. Detailed data are not pre- 
sented, but are commented upon in the text. 


METHODS 


All of the subjects resided in the metabolic unit of the hospital. Physical activity 
varied little from day to day. Dietary and fluid intake were maintained at a constant 
level in the usual fashion.7 The obese subjects were on moderate reducing programs; the 
others were fed maintenance or supramaintenance diets. The progesterone, dissolved in 
sesame oil and 20 per cent benzyl benzoate, was administered intramuscularly in single 
daily injections for the smaller doses, but in 2 or 3 spaced injections for the 200 to 300 
mg. daily dosages. Analyses were carried out on 24- or 48-hour urine pools, the complete- 
ness of collections being tested for by the performance of creatinine determinations. As 
in the past a metabolic effect was assumed to have occurred when treatment was asso- 
ciated with a significant deviation from the base-line values of the urinary constituent 
determined. Complete balances were not performed. ‘The fecal excretion of nitrogen, 
inorganic phosphorus, sodium, potassium, and chloride was assumed to vary insignificantly 
from day to day. None of the patients had gastrointestinal disease. Total urinary 
nitrogen, inorganic phosphorus, and creatinine were determined as previously described.? 
Sodium and potassium were measured by means of the Perkin Elmer flame photometer 


using a lithium internal standard. Pregnanediol was determined by a modification of 
Stimmel’s technique.’ 


RESULTS AND DISCUSSION 


In 3 subjects dosages of only 12.5 to 15 mg. per day of progesterone 
evoked a catabolic response. Although the effects were minimal, elevations 
in urinary nitrogen were consistent and systematically correlated with the 
time of progesterone administration. In L. V. (Fig. 1), the 12.5 mg. course 
induced a nitrogen elevation which averaged 0.6 Gm. daily. In J. P. (Fig. 2) 
and L. 8. (data not shown), 15 mg. daily of progesterone resulted in average 
inereases of 0.7 and 0.6 Gm. of nitrogen per day, respectively. In L. V., 6.25 
mg. of progesterone per day failed to affect urinary nitrogen excretion, al- 
though the characteristic rise in basal body temperature was observed. It 
would thus appear that 12.5 mg. per day of progesterone approaches the 
minimum dosage which could detectably enhance protein catabolism in man. 
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Some gradation in the intensity of the catabolic response to progesterone 
was apparent as the dosage was increased to 25 and 50 mg. per day. In L. V. 
(Fig. 1) the daily nitrogen elevation averaged 1.7 Gm. during the 25 mg. daily 
course of progesterone, and in J. P. (Fig. 2) the nitrogen dissipation was in- 
creased to an average of 1.5 Gm. per day when 50 mg. was given. These sub- 
jects served as their own controls and the differences in response at the two 
dosage levels in each individual seem quite significant. Furthermore the 0.6 
to 0.7 Gm. average elevation induced by 12.5 or 15 mg. of progesterone in these 
3 experiments is distinctly less than the 1 to 2 Gm. increments observed as a 
result of the daily administration of 50 mg. per day of progesterone in over 
20 published® * and unpublished experiments. 


The elevation in urinary nitrogen tended to be maximal at a dosage of 
about 50 mg. per day. In some subjects, however, larger amounts of proges- 
terone evoked a somewhat greater response. In a previously reported experi- 
ment? 100 mg. daily induced a nitrogen elevation of 1.7 Gm. per day in com- 
parison with the 1.1 Gm. average increase which resulted from treatment with 
50 mg. The average elevation induced by 50 mg. per day in J. P. (Fig. 2) 
was 1.5 Gm.; during the 4 days on 150 mg. the inerease averaged just 1.4 Gm., 
but doubling the dosage in the succeeding 4 days was associated with a further 
inerease to a level 3.0 Gm., higher than the control base line. On the other 
hand, in R. B. (Fig. 3) the nitrogen elevation induced by separate courses of 
50, 200, and 300 mg. of progesterone per day were essentially the same, and 
in the postmenopausal woman, E. L. (data not shown), the nitrogen increments 
were also indistinguishable on these dosages. It may be concluded that even 
if these large quantities of progesterone should increase the catabolic process 
beyond that induced by 50 mg. per day, the urinary nitrogen elevation remains 
of the same order of magnitude, and the relatively extreme elevations which 
may be induced by large excesses of adrenal corticoids® ?° are not seen when 
as much as 300 mg. of progesterone is given each day. In considering this 
comparison, however, it should also be emphasized that when cortisone is 
given in dosages of 50 mg. per day or less, there is often no detectable catabolic 
response. 

The influence of progesterone on urinary inorganic phosphorus and potas- 
sium in R. B. (Fig. 3) is unique in our experience. It has been stated? that 
when progesterone is given to individuals with normal adrenal glands the ex- 
cretion of these constituents is not significantly affected. As a matter of fact, 
in about one-half of our experiments urinary potassium dropped approx- 
imately 7 meq. and inorganie phosphorus about 0.1 Gm. during the first two 
days of treatment. These shifts were more or less disregarded because they 
were trivial and inconsistent. In R. B. (Fig. 3), however, this prompt sup- 
pression in the excretion of both substances was conspicuous at all 3 dosages. 
Inorganic phosphorus dropped 0.24, 0.23, and 0.24 Gm. per day, and potas- 
sium 21, 12, and 14 meq. per day. The excretion of both then returned to the 
base line and rose above it in parallel fashion, returning to the control level 
several days after treatment had stopped. These shifts probably represent an 
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unexplained exaggeration of the dip in urinary potassium and inorganie phos- 
phorus seen in some other subjects (Fig. 2; 150 mg. dose). As such they may 
be assumed to reflect a metabolic change involving both phosphate and potas- 
sium. 


R.B. METABOLIC EFFECTS OF PROGESTERONE 
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Fig. 3.—The effects of courses of 50, 200, and 300 mg. of progesterone each day on the 
urinary excretion of total nitrogen, inorganic phosphorus, potassium, sodium and creatinine 
in R. B., the obese man. Broken horizontal lines indicate the averages of control values. 
Two control levels are indicated in the excretion of total nitrogen, inorganic phosphorus, and 
potassium because the base line of these constituents dropped after the first treatment. 


The dissociation of these parallel shifts in potassium and phosphorus from 
the rising curves of urinary nitrogen excretion suggests that whatever 
metabolie process is involved, it is relatively independent of protein catabo- 
lism. In some cireumstanees, i.e., anabolic processes induced by androgen,’ 
the urinary inorganic phosphorus and potassium exeretion closely paralleled 
total nitrogen exeretion, indicating their storage with protein tissue. In some 
Addisonians? in whom a rather intense catabolism was induced by proges- 
terone the urinary excretion of inorganie phosphorus and potassium rose with 
the total nitrogen, presumably reflecting the acceleration of protein tissue dis- 
solution. The sharp initial decline in the exeretion of inorganic phosphorus 
and potassium which is dramatized in R. B. (Fig. 3) seems to point to some 
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other influence of progesterone—perhaps an effect on carbohydrate metabo- 
lism. In this connection it should be noted that in the controlled diabetic 
subject J. P. (Fig. 2) progesterone did not induce glycosuria, and the fasting 
and postprandial blood sugars were not affeeted by treatment. 

The intensity of the salt dissipating action of progesterone was very 
clearly enhanced by increasing the dosage of the hormone (Fig. 1). The eal-_ 
culated losses of sodium in L. V., J. P. (Fig. 2), and L. 8. on 12.5 to 15 mg. 
of progesterone daily were 68, 46, and 22 meq., respectively. In L. V., the 
sodium loss on 25 mg. per day was 85 meq., and in J. P. and R. B. the losses 
during the 50 mg. treatment period were 132 and 138 meq., quantities repre- 
sentative of the usual losses at this dosage. The magnitude of the sodium 
losses was inevitably impressive and more enduring when 150 to 300 mg. of 
progesterone per day were given. In J. P. (Fig. 2) the 300 mg. dosage was 
begun after just 4 days on 150 mg. daily—at a time when the induced natri- 
uresis had begun its characteristic decline. The 8-day loss, however, was 336 
meq. In R. B. the loss on 200 mg. daily was 396 meq.; since the 300 mg. course 
was short and was started during the post-treatment phase of sodium retention, 
ealeulations would not be appropriate, but the peak excretion of sodium was 
higher than at any other time. Entirely similar results were obtained in E. C. 
(data not shown). Urinary chloride excretion (not shown in Figs. 2 and 3) 
closely followed that of sodium, but as previously noted* the losses were never 
so great. 


As in other experiments in subjects with normal adrenals, immediately 
following the cessation of treatment with progesterone, urinary sodium ex- 
cretion dropped abruptly and in the ensuing several days virtually all of the 
sodium which had been lost was recovered. Following the large doses of 
progesterone the intensity of the salt retaining impulse was remarkable, the 
excretion of urinary sodium dropping to levels of only 15 to 25 meq. per day. 
This contrasts with the treated Addisonians in whom salt loss of the same 
magnitude was not followed by a sharp retention. It has been suggested* 
that this suppression of urinary sodium may be the result of an inereased 
secretion of adrenocortical salt retaining steroids. 

It should be pointed out that in none of the many subjects in whom we 
have studied the influence of progesterone has there been evidence of pre- 
existing salt and water retention. There is no reason to believe, however, 
that progesterone might not be saluretic in patients with edema. Leutcher 
and associates’ have shown that patients with heart failure, nephrosis, etc., 
excrete an increased quantity of aldosterone suggesting that this adrenal hor- 
mone may play a role in the genesis and/or maintenance of such edema states. 
If, as has been indicated, the natriuretic influence of progesterone is due to 
the inhibition of the renal effects of salt retaining corticoids, it is conceivable 
that progesterone would promote the urinary excretion of salt in such con- 
ditions. If so, the post-treatment retention of sodium might be lessened by 
placing the patient on a low-salt intake. 
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Although the dosages studied ranged widely from 6.25 to 300 mg. daily, 
there is every indication that each of these quantities may be presented to 
the female organism under physiologic conditions. Calculations based on the 
fact that 10 to 20 per cent of administered progesterone is excreted as preg- 
nanediol® indicate that as much as 25 mg. of progesterone may be secreted 
each day by the corpus luteum of the nonpregnant woman. This deduction is 
supported by the fact that in L. V. (Fig. 1) 3.8 mg. of pregnanediol per day 
were excreted during the 25 mg. dosage period and 2.2 mg. per day when 
12.5 mg. was given. Both quantities are within the range of pregnanediol 
excreted during the luteal phase of the menstrual cyele. The 50 mg. dosage 
probably can be considered as approximating the quantity secreted in early 
pregnancy, and 200 to 300 mg. per day late pregnancy. J. P. (Fig. 2) exereted 
62 mg. of pregnanediol per day when receiving 300 mg. of progesterone. It 
remains important to demonstrate that endogenous progesterone exerts similar 
effects, but these data suggest that progesterone might influence protein 


metabolism and sodium and chloride excretion in the pregnant and the normal 
menstruating woman. 


SUMMARY AND CONCLUSION 


1. Progesterone exerts a demonstrable catabolic effect in men and women 
when administered in dosages which approximate the levels of secretion of the 
hormone during the luteal phase of the menstrual cyele and early and late 
pregnancy. Although 6.25 mg. per day had no effect, 12.5 to 15 mg. induced a 
distinct elevation in urinary nitrogen excretion which averaged about 0.7 
Gm. in 3 subjects. Doses of 25 to 50 mg. of progesterone evoked a greater 
response, the usual nitrogen elevation, averaging 1 to 2 Gm. per day. The 
intensity of the catabolic effect of progesterone tended to plateau at a dosage of 
50 mg. per day. Larger quantities (100 to 300 mg. per day) did not regularly 
induce greater responses. 

2. In one man urinary inorganic phosphorus and potassium dropped sig- 
nificantly during the first 2 or 3 days of progesterone treatment, followed by 
a return to the base line, and then an overshooting of control levels. <A similar 
slight decline in potassium and inorganic phosphorus had been seen in ap- 
proximately half of our other studies. Since urinary nitrogen excretion was 
rising at this time it was suggested that these shifts did not reflect the change 
in protein metabolism, but some other process. 

3. In one mild, controlled diabetic, progesterone did not affect the blood 
sugar level or induce glycosuria. 

4. The intensity and duration of the natriuresis induced by progesterone 
was clearly related to the dosage. The effect was slight and transient at the 
low doses, but much greater and more enduring when the dosage reached 150 
mg. per day. In all cases the salt loss was recovered during the posttreatment 
phase of retention. 
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SEQUENTIAL ANALYSIS IN THERAPEUTIC RESEARCH 


I. APPLICATION TO BINOMIAL DATA AND TO MEASURED Data NORMALLY 
DISTRIBUTED (ONE-SIDED ALTERNATIVE) 


Cart R. Dorrtnc, M.D., D.Sc., James A. Hacans, M.D.,* 
Frantz W. B.S., Mervin L. M.D., anp Stewart Wo rr, M.D. 
OKLAHOMA Crtry, OKLA. 


HERE is an increasing need for a rapid and reliable method of evaluating 

pharmacodynamie agents for their potential therapeutic effects. The points 
for emphasis in the design of the therapeutic experiments are adequate ran- 
domization in the double-blind technique, and the accurate estimation of the 
variation in the variables measured, including the variation due to uncontrollable 
extraneous factors as well as that due to placebo effects. Usually the design 
is developed to correspond with the statistical technique by which the results 
are to be evaluated; thus, the collection of data proceeds until a sizable number 
of control and test observations have been gathered before a statistical analysis 
is attempted. Using the sequential method of Wald,' however, analysis begins 
as soon as the data from the control observations are available and continues 
with each new test observation until a decision is reached. The decision is 
usually reached and then the testing may be stopped after substantially fewer 
observations than are required by any other statistical plan now known.’ 

Sequential analysis, originally developed by Wald and associates for quality 
control in industry, has been applied to biologie and clinical problems at a 
purely theoretic level* * and has recently been reported to determine the signifi- 
cance of differences in proportions observed in clinical prophylactie and thera- 
peutie trials’ (binomial distribution), and to determine the significance of dif- 
ferences in measured variables in various biologic systems in man in terms of 
the likelihood ratio or the probability ratio tests against a single alternative 
hypothesis.** The technique of sequential analysis requires the randomization 
of the order in which tests are carried out and exploits the tendeney of such a 
distribution to equalize in the long run; i.e., if in tossing an unbiased coin sev- 
eral heads appear without tails, the chance for a tails on the next toss is still 
**50-50’’ but it is inevitable that eventually a run of tails will appear so as to 
ultimately equalize the distribution. Sequential analysis is particularly adap- 
table to the apraisal of an effect on a biologic system whose intrinsic variability 
has already been determined, but it requires that this solid base line of control 
data be available for comparison. 


From the Experimental Therapeutic Unit of the Department of Medicine, University of 
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The first study reported here concerns data that is distributed binomially, 
in this instance the presence or absence of vomiting following the exhibition of 
antiemetic agents. The second involves data in which actual measurements were 
made. The control data, from which the mean and standard deviation were 
computed, were normally distributed. In this instance the study was designed 
to measure the day-to-day changes in 24-hour urine volume observed during a 
control period and during a period of administration of a diuretic agent. Sig- 


nificant change in the measured variable (24-hour urine volume) during treat- 
ment occurred in one direction only. 


METHODS 


The details of the clinical experimental studies herein analyzed as well as the results 
of their analysis by more standard statistical methods have been reported elsewhere.®. 1° 
Briefly, the first study was concerned with the antiemetic effects of 3 identically appearing 
capsules. The human volunteers on each occasion were given 1 capsule prior to the ingestion 
of an emetic dose of ipecac. The capsules contained either a placebo, 20 mg. of chlor- 
promazine (Drug A), or 20 mg. of an experimental antiemetic compound structurally related 
to chlorpromazine, SKF 4657* (Drug B). ‘The second study involved the measurement 
of the diuretic effect of two pyrimidinedione compounds, aminometramidet and aminoiso- 


TABLE I 


WHEN P, VALUE OF P,; (%) AT 99% CONFIDENCE INTERVAL WHEN i = 

(Cy = 10 | 12 | 16 | 20 | 30 | 60 | 100 
(41) (36) (28) (23) (16) (8) (5) 
43 37 30 25 18 10 7 
44 38 31 2 20 12 9 
46 40 33 28 22 14 10 
47 42 35 30 23 16 12 


(100) (100) (100) 
95 (100) (100) (100) (100) 99 99 99 


( ) = Impossible in sequential binomial formulas. Included for interpolation purposes 


only. 


*Smith, Kline, and French, Research Laboratories, Philadelphia, Pa.; 2-chloro-10-[3’-(N- 
methylpiperziny] )-propyl]-phenothiazine dimaleate. 


*Brand of aminometramide (1-allyl-3-ethyl-6-aminotetrahydropyrimidinedione) : Mictine. 
G. D. Searle & Co., Chicago, Ill. 


\ 
re 
d 
( 
| 
48 43 36 31 25 17 13 
49 45 37 33 26 18 15 
51 46 39 34 28 20 16 
52 47 41 36 29 21 7 
53 49 42 37 31 23 19 
10 54 50 44 39 32 24 20 
15 60 56 49 45 38 31 26 
20 65 61 55 51 44 37 32 
25 69 66 60 56 50 42 38 
30 74 70 64 61 55 47 43 
35 77 74 69 66 60 52 48 
40 81 78 73 70 64 57 53 
45 84 81 77 74 69 62 58 
50 87 85 81 78 73 67 63 
55 90 88 84 82 78 72 68 
60 92 91 88 85 82 76 72 
65 94 93 91 88 85 80 77 
70 96 95 93 91 88 84 81 
75 98 97 95 94 92 88 85 
80 99 98 97 96 94 91 89 
85 (100) 99 99 98 96 95 93 
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metradine,* and a placebo administered orally to human subjects with normal cardiovascular 
renal systems under controlled conditions. Both studies were conducted according to the 
double-blind technique using a systematized randomization procedure. 

The derivation of the sequential graphs was as follows: 


Binomial Distribution—P, — unacceptable proportion of therapeutic successes (in this 
case, the antiemetic responses observed in the placebo control group). 

P, = acceptable proportion of therapeutic successes (in this case, the antiemetic 
responses required in the treatment group to be considered significantly better than the 
placebo control group at an arbitrarily selected 99 per cent confidence interval on the basis 
of a given number of observations. This value may be obtained from Table I when P, is 
known and the average number of observations to be made has been decided upon. In 
general, we have found an average of 10 or 12 observations desirable). 

As an alternative method, P, may be arbitrarily designated by the investigator as the 
desirable or acceptable proportion of therapeutic successes based upon his past experience 
and special knowledge in the field of investigation. The formulas for i Py and ii P, which 
follow may then be solved and the average number of observations necessary for a decision 
will be determined. When P, is thus selected and is set too close to Py in value, the average 
number of observations necessary for a decision will become large, but will remain smaller 
in general than that required by other standard statistical techniques. We have found, 
however, that by designating the average number of observations as 10 or 12, and then selecting 
P, as described above, one generally obtains a clinically, as well as statistically, acceptable 
difference between P, and P,. We prefer this technique for general use, as the number of 
observations needed for decision generally remains small. However, the choice between 
these two entirely different methods for selecting P, rests entirely with the investigators and 
the clinical and experimental strategies which they wish to employ. 

The drawing of a sequential graph requires that there be plotted a lower line to form 
the margin of one area (in this instance, unacceptable or ‘‘reject’’) and an upper line to 
form the margin of another area (in this instance, acceptable or ‘‘accept’’). Between 


these lines lies the zone of indecision. The lines are partially determined according to the 
desired values for alpha and beta: 


a = the maximum risk or probability of accepting proportions of therapeutic suc- 
cesses equal to P, or less (we selected a — 0.01). 


8 = the maximum risk or probability of rejecting proportions of therapeutic suc- 
cesses equal to P, or greater (we selected B = 0.01). 


The following notation was used to facilitate the computation of the upper and lower 
lines? 


(Values for a and b may be obtained from tables in the publication 
by the Columbia University Statistical Research Group.?) 


b 


b 


21 + 
a 
£1 + 22 


Intercept for lower line > 


Intercept for upper line h, = 


*Brand of aminoisometradine (1-methallyl-3-methyl-6-aminotetrahydropyrimidinedione ) : 
Rolicton. G. D. Searle & Co., Chicago, Ill. 


Pi 
m = log 

1-P, 
= logy 

1-8 
a = log 

l-a 
= lg 

a 
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£2 
21 + 
Lower line = -h, + Sn 
Upper line = h, + Sn 


(Solve for n = 0, n = 5, n = 10 to obtain 3 plot points for construction of 
upper and lower lines). 


Theoretical average number of observations 


Slope = S = 


(1 a) hy ah, 


necessary to ‘‘reject’’ the agent (lower line) = i Py = S-P, 


Theoretical average number of observations 


1- h, — Bh 
necessary to ‘‘accept’’ the agent (upper line) = n P, = ( te, 3 i 
1 
Measured Values.—The mean and standard deviation of a normally distributed sample 
(one-sided alternative) is calculated. 


No = number of observations in control group. 

i, — average number of observations desired in treatment group (arbitrary). 

m) = mean of control group. 

¢ = Standard Deviation of control group (degrees of freedom = ny — 1). 

m, = mean required in treatment group to be considered significantly different from 
the control group at a desired probability (we used P — 0.01), when ii, is set 
at a desired number (we used i, = 6). 


may be found by solving the following equation where all other values are known 
or arbitrarily selected, and by letting i, — i m, = 6 


(1 B) a 

(m, — my)2/202 
Note: As an alternative, one may set m, arbitrarily at any desired level for the mean 
required in the treatment group to be considered clinically significant as compared to the 
known m, value, and based upon the investigator’s past experience and special knowledge 
in the field of investigation. The formulas for i m, and i m, may then be solved and the 
average number of observations necessary to reach a decision thus determined. However, 
if m, is set too close in value to mo, the average number of observations necessary for decision 
will become large, but will remain smaller than that required by any other known statistical 
plan. In general, we have found that designating fi, (fi m,) — 6 leads to an acceptable 
clinical as well as statistical difference between m, and m,, and we prefer this method for 
general use, as the number of observations needed for decision generally remains small. 
The choice between these two methods for selecting m, again depends upon the clinical and 

experimental strategies desired by the investigators. 


a = arbitrarily selected security risk of accepting m, when m, is true (we used 
a = 0.01). 

B = arbitrarily selected security risk of rejecting m, when m, is true (we used 
B= 0.01). 
1-8 
ac ky, 


a (Values for a and b may be obtained from tables in the publication 
by the Columbia University Statistical Research Group.?) 


= Upper intercept 


h = 


Lower intercept 


+ 
= Slope 
Lower line = — h, + Sn 
Upper line = h, + Sn 


(Solve for n = 0, n = 5, n = 10, to obtain 3 plot 
points for construction of upper and lower lines.) 
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Number 


Note: The Slope (S) was subtracted from each result here. This step is necessary 
only if one wishes to keep the upper and lower lines of the sequential graph horizontal 
and parallel to the abscissa and at right angles to the ordinate. 


Theoretical average number of observations 
(l-a) b-a 


necessary to reach a decision at mo (lower line) i = “(m, — m,)2/202 
2 


Theoretic average number of observations 


necessary to reach a decision at m, (upper line) 
ssary ch a decision at m, (uppe = "Gn, — m)2/202 


DRUG A DRUG B 


ACCEPT _Ist 8 Tests ist 6 Tests 


REJECT 


Next 18 Tests~. Next 25 Tests ~ 


Next Tests Next 9 Tests 


T T T T T T 
10 30 0 10 20 30 
OBSERVATIONS OBSERVATIONS 


Fig. 1.—The individual results of tests with Drug A and Drug B measuring their effective- 
ness in producing “protection” against ipecac-induced vomiting compared to the placebo control, 
plotted sequentially until an answer is obtained on 3 successive graphs. The lack of com- 
plete “protection” against vomiting is plotted directly one square to the right for each observa- 
tion and its presence is plotted one square up as well as one square to the right. Thus the 
ordinate represents the number of “protection” responses and the abscissa the number of 


observations. Both Drug A and Drug B were repeatedly rejected as not having an effect 
significantly greater than the placebo control. 


RESULTS 

1. Binomial Data.—In the experiments concerning the attempted preven- 
tion of ipeeac-induced vomiting by premedication with various antiemetic agents, 
we found on the basis of 83 placebo medication tests an incidence of 34 per cent 
protection against vomiting (the incidence of no vomiting in the nonpremedi- 
cated ‘‘eontrol’’ tests was 15 per cent). The data from the placebo observa- 
tions were binomially distributed. They were thus suitable for use as the con- 
trol group for the construction of the sequential graph as follows: 

P, = 0.35 for ‘‘protection’’ against vomiting (the closest to 34 per cent 
in Table I). Thus, P,; = 0.74 on the basis of f, — 12, the arbitrarily selected 
average number of tests desired for each agent to be tested. We selected 0.01 
as the alpha and beta risks (a generally conceded safe level for clinical inter- 
pretation) and solving the sequential formulas for a binomial distribution, S 
= 0.5562, hy = 2.6757 and h, = 2.6757. From these the sequential graph was 
construeted (Fig. 1) and the results of tests with Drug A and Drug B were 
plotted in sequential fashion as they were performed. There were a total of 
49 tests with Drug A and 52 tests with Drug B. Drug A gave an over-all inci- 
dence of 43 per cent ‘‘proteetion’’ and Drug B 37 per cent ‘‘ protection against 
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vomiting. Drug A is rejected on the sequential graph on the first 8 tests and 
also by plotting separately the next 18 tests and the next 12 tests. Drug B 
is rejected on the first 6 tests and also by plotting separately the next 26 tests 
and the next 9 tests (theoretic average numbers of tests required here are 14 
for acceptance and 13 for rejection). Thus, all of the conclusions reached by 
sequential analysis for both Drug A and Drug B, concerning their effectiveness 
against vomiting, are that neither agent is significantly better than the placebo. 
Ordinarily, one would stop the experiment with a test agent after the first 
decision is reached. Here, analysis of both drugs was continued using further 
observations until 3 decisions with each drug were reached, primarily to indicate 
the consistency of decision by this technique. Analysis of this data by more 
standard statistical techniques has been reported previously.° 


+100 | MicT. 
ACCERT 
+40- 


+20- 


OBSERVATIONS 
Ist DAY 


Fig. 2.—The results of the changes in urine volume observed during the first day of the 
administration of a placebo, of 1.2 and 2.4 Gm. of Rolicton and of 1.2 Gm. of Mictine com- 
pared to the control plotted sequentially and in summation fashion until an answer is obtained 
for each drug treatment group. The abscissa represents n (the number of observations) and 
the ordinate the = (X-S) (the sum of each change in 24-hour urine volume minus the slope 
observed on the first treatment day). Mictine and Rolicton, in both the small and large dose, 
are accepted on the first day as inducing an increase in urine volume significantly greater 
than that observed during the control period. The placebo is rejected on the first day as not 
inducing a significant change in urine volume compared to the control. 


2. Measured Data.—In the experiments in which the diuretic activity of 
various compounds was measured in healthy subjects the urine volume measure- 
ments observed in the control observations were normally distributed. There 
were 23 subjects tested. The 24-hour urine volume was expressed as per cent 
of intake (output/intake x 100); the mean for each subject for the 3 control 
days was caleulated and the daily variation from this mean was recorded not 
only for the 3 control days but also for each of the 3 treatment days that fol- 
lowed. Only the first treatment day is reported here. The standard deviation 
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of the control observations was 14.1. Solving the formula given previously un- 
der methods we find m,; — 17.3 using i; — 6. Alpha and beta are again 
selected as 0.01 and solution of the appropriate formulas yield hy = 52.84, hy 
= 52.84,S = 8.6. Fig. 2 presents the results plotted on the sequential graph 
thus constructed, from the first treatment day for each drug tested, including 
the placebo. The Slope (S) was subtracted from each individual observation 
as was done in the derivation of this sequential graph (see methods). The 
placebo was rejected on the sequential graph as it failed to induce a change in 
the 24-hour urine volume which differed significantly from the control observa- 
tions. Aminoisometradine (Rolicton) was accepted on the first treatment day 
as having diuretic properties in both the dose of 1.2 Gm. and 2.4 Gm. per 
day, and aminometramide (Mictine) was accepted on the first treatment day 
at a dose of 1.2 Gm. per day. The number of tests required to make the above 
decisions was 4 for the placebo, 8 for the 1.2 Gm. dose of aminoisometradine, 5 
for the 2.4 Gm. dose of aminoisometradine, and 5 for the 1.2 Gm. dose of amino- 
metramide. The individual observations from this experiment have been re- 
ported previously in tabular form, together with analysis of the data by more 
standard statistical techniques.’° 


DISCUSSION 


The technique of sequential analysis has been found convenient and re- 
liable when applied to clinical therapeutic experiments and yields a satisfactorily 
accurate decision regarding the efficacy of the agent tested with fewer observa- 
tions than are required by more standard statistical techniques currently in use. 
By plotting the result of each individual observation as it is made, it permits 
one to stop an experiment as soon as a decision is reached. It is readily ap- 
plicable to clinical data binomially distributed and to measured data normally 
distributed. 

Several deviations from the usual methods of applying sequential analysis 
to clinical data are described. First, in dealing with a binomial distribution, 
instead of arbitrarily selecting P, when P, is known, and then ealeulating the 
average number of observations (fi P,) needed to establish statistical difference, 
we have chosen to arbitrarily fix i, at a desirable number and then to determine 
P, (from Table I). That the differences between P, and P, will also be of 
clinieal significance is practically insured if fi, is kept at 10 or 12. Second, 
in dealing with measured data the usual plans have most often selected m, as 
2 o from mo, or at another purely arbitrary distance from the known m, and 
then ealeulated the average number of observations (fi m,) needed to demon- 
strate a significant difference. We have chosen to arbitrarily fix i, (or i m,) 
at a desirable number and then ecaleulate m, by the method given. In our ex- 
perience, when m, is arrived at in this way it has always been acceptable as 
being significantly different clinically from m,. Should it not be, however, one 
nay widen the gap between m, and m, arbitrarily by raising the value of m, 
and then reealeulating i m,; or, should the difference seem clinically too great, 
tle gap may be arbitrarily narrowed and fi m, recaleulated. It is doubtful 
that either of these maneuvers shall prove necessary very often. Finally, in 
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the construction of the one-sided alternative sequential graph dealing with 
measured values we have chosen to routinely subtract the Slope (S) from each 
ealeulated value for the upper and lower lines and from each observation value 
to be plotted. This changes the appearance of the usual sequential graph so 
that it no longer has slanting upper and lower lines, but rather horizontal upper 
and lower lines which remain parallel to the abscissa and at right angles to the 


ordinate of the graph. This in no way alters the decisions reached, or their 
significance. 


SUMMARY 


A method is presented whereby the statistical technique of sequential analy- 
sis has been applied to clinical data binomially distributed as well as to meas- 
ured data normally distributed. This technique permits the plotting of each 
individual test observation as it is made, and permits stopping the experiment 
when a decision is reached. Further, it generally requires fewer observations 
than other more standard statistical techniques currently in use. It should be- 
come a valuable aid for the evaluation of therapeutic agents. 


REFERENCES 


1. Wald, A.: Sequential Analysis, New York, 1947, John Wiley & Sons, Ine. 
2. Statistical Research Group, Columbia University: Sequential Analysis of Statistical 
Data: Applications, New York, 1945, Columbia University Press. 
3. Fisher, R. A.: Sequential Experimentation, Biometrics 8: 183, 1952. 
4. Bross, I.: Sequential Medical Plans, Biometrics 8: 188, 1952. 
5. Armitage, P.: Sequential Tests in Prophylactic and Therapeutic Trials, er J. Med. 
23: 255, 1954. 
6. Clark, M. L., Schneider, E. M., Doering, C. R., and Wolf, 8.: Rapid Evaluation of 
Gastric Inhibitory Agents, Clin. Res. Proc. 3: 132, 1955. 

. Bartholomay, A. F.: The Sequential Probability Ratio Test, A New Statistical Procedure 
for Clinical Investigation; Its Validation in a Study of Serum Zine Concentrations 
in Laennee’s Cirrhosis, J. Clin. Invest. 35: 688, 1956. 

8. Vallee, B. L., Wacker, W. E. C., Bartholomay, A. F., and Robin, E. D.: Zine Metabolism 
in Hepatie Dysfunction. I. Serum Zine Concentrations in Laennec’s Cirrhosis and 
Their Validation by Sequential Analysis, New England J. Med. 255: 403, 1956. 

9. Hagans, J. A., Doering, C. R., Ashley, F., Clark, M. L., and Wolf, S.: The "Therapeutic 
Experiment: Observations on the Meaning of Controls and on Biologie Variation 
Resulting From the Treatment Situation, J. Las, & Cin. Mep. 49: 282, 1957. 

10. Clark, M. L., and Hagans, J. A.: The Diuretic Activity of a New Pyrimidinedione 
Administered Orally to Non- Edematous Adults, J. Las. & Cin. Mep. 49: 395, 1957. 


SEQUENTIAL ANALYSIS IN THERAPEUTIC RESEARCH 


II. to MEASURED Data NORMALLY DISTRIBUTED 
(Two-SipED ALTERNATIVE ) 


James A. HaGans, M.D.,* Cart R. Doertnc, M.D., D.Sc., Mervin L. CLARK, 
M.D., Epwarp M. ScHNEIDER, M.D., AND Stewart Wo tr, M.D. 
OKLAHOMA City, OKLA, 


ARLIER adaptations of sequential analysis to clinical data have allowed 

for a bidirectional alternative in data binomially distributed and for the 
detection of a significant change in measured variables in one direction, or 
the detection of a significant change in measured variables in either direction 
without indicating the direction of the change.'*® The present report con- 
cerns the adaptation of sequential analysis to the study of the effects on 
rarious biologie systems in man of pharmacodynamic agents which may pro- 
duce significant changes in measured variables in one direction or the other 
from the control observations, in order to indicate not only significant change 
but also the direction of that change (the two-sided alternative). 


MATERIAL AND METHODS 


Data from three separate clinical studies designed to measure the pharmacodynamic 
effects of certain therapeutic agents are described. 

The first study involved the effects of reserpinet and an anticholinergic gastric in- 
hibitor (AP 396){ on gastrie acidity. Patients from the general medical wards served 
as subjects and comprised primarily those recently recovered from an acute illness without 
known gastrointestinal tract disease. A few patients with past histories suggesting chronic 
duodenal ulcer and minor upper gastrointestinal tract symptoms were included. Following 
a 12-hour fast, 3 samples of gastric juice were collected at 15-to 30-minute intervals during 
a %- to 1l-hour control period. Attempts were made during the collection of these and 
all subsequent samples to empty the stomach as completely as possible. After the control 
period the agent to be tested, dissolved in 30 ml. of water, was administered through the 
Levin tube. The tube was clamped for 1 to 1% hours and then sampling was resumed at 
30-minute intervals for 3 hours (7 postmedication samples). For completion of the study, 
42 subjects were given a placebo, 19 a single dose of 2.5 mg. of reserpine, and 22 a single 
dose of 40 mg. of AP 396. The mean free acid, expressed as meq. HCl per liter, as de- 
termined with Toepfer’s reagent and 0.1 N NaOH (accuracy + 5 meq./L.), was caleulated 
for each subject for the premedication (control) and for the postmedication period, as well 
as the difference between the mean free acidity of the control and the postmedication 
periods (the A mean free HCl). The mean free acidity value for each of the 3 medication 
groups was also calculated for the control and the postmedication periods (Table I). 
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The second study was designed to measure the effects of various compounds upon 
the level of the blood sugar. The venous blood glucose (modified Somogyi method) 
(accuracy + 5 mg. per cent) was determined 2 hours after a standard oral glucose load 
(1.75 Gm. per kilogram of ideal body weight). On various test days the oral glucose 
load was preceded 8% and 2 hours before by the ingestion of 50 mg. cortisone, 10 mg. 
prednisone, and 10 mg. prednisolone by 21 subjects; on 1 other occasion it was preceded 
by 2 mg. 9-alpha-fluorohydrocortisone by 16 of the same subjects; and on still another 
occasion by 2.0 Gm. carbutamide by 12 of the same subjects. Each of the 21 subjects also 
had a control test (no medication prior to the ingestion of glucose). 


TABLE I 


FREE HCl A MEAN FREE HCl A MEAN 
MEQ./L. FREE HCl MEQ./L. FREE HCl 

MEAN MEAN ( MEAN POST- MEAN MEAN (MEAN POST- 

SUBJECT | CONTROL |POSTMED.| MED. MINUS SUBJECT | CONTROL |POSTMED.| MED. MINUS 
NO. (3 OBS.) | (7 OBS.) | MEAN CONTROL) NO. (3 OBS) | (7 OBS.) |MEAN CONTROL) 

Placebo 40 36 Reser- +45 

pine +38 

+26 

+30 

+68 

+30 

+34 

+53 

+33 

+19 

+42 

+56 

+2 

+12 

+24 

+52 


pr 


Reserpine 
group 
mean 


AP 396 1 


who 


16 


22 
Placebo 41.0 +7.8 14.5 
group (Placebo 

mean control) 


Note: The difference between 41-33 = 8.0 and 7.8, 60.7-28.8 = 31.9 and 32.0, and 14.5- 
32.3 = -17.8 and -17.5 are due to “rounding off” of figures in calculations. 


\ 
Vv 
P 
I 
— 
17 25 26 17 18 60 +42 
18 42 42 0 18 50 41 9 
19 42 53 41 19 0 14 414 
20) 7 28 421 gq 28. 7 
» a +21 8 60.7 $32.0 
22 34 424 
= 49 +4 i 
2 5 $i + 6 
24 5 40 37 
25 15 46 +31 65 3 62 
28 36 418 “a = 
299 75 76 +1 = 
30 «13 39 +19 = 
31 63 +36 
10 3 -20 
33.83 51 +28 
117 0 
34 45 51 +6 
35 «63 79 +16 
6 13-38 23 -15 
1438 14 -19 
37 56 +3 4 
1530 3 ~27 
38 48 420 
16 3 -10 
39 21 411 
40 29 11 6 
- 18 20 13 
4198 54 432 > 
21 38 1 -37 
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The third study included observations on 300 subjects. There were 10 different eye- 
drops tested. For each medication there were 10 white subjects tested with blue eyes, 10 
white subjects with brown eyes, and 10 Negro subjects with dark eyes. The nature of the 
drops were unknown to both the investigators and the subjects. The medications evaluated 
were normal saline (Placebo 1), 4 per cent boric acid (Placebo 2), 10 per cent Neosyneph- 
rine, 3 per cent ephedrine, 2 per cent pilocarpine, 0.2 per cent scopolamine, 1 per cent Cyclogyl, 
1 per cent atropine, 4 per cent homatropine, and 1 per cent Paredrine. The pupil size was 
measured with a millimeter ruler at a standard distance from the eye, 3 drops of the medi- 
cation to be tested were instilled in the eye, and the pupil size was again measured 40 
minutes later, using the same technique. Identical measurements were also carried out 
on the other eye, which received no drops. The results of the 60 tests performed on the 
other eyes of those subjects receiving placebo drops were later utilized as the control 
observations. In all, 303 tests were eventually completed in this study, an additional 3 
tests being performed in Negroes with dark eyes using 2 per cent pilocarpine. 

More detailed information concerning the design and individual observations from 
the second and third studies are presented in separate reports.19, 11 


The sequential graphs presented here were all derived from the same basic formulas, 
the application of which has been variously described1-8 and recently further modified.® 

The calculations used for construction of these sequential graphs were identical with 
those modifications described for normally distributed measured variables? except here the 
Slope (S) was not subtracted from each value, thus allowing the lines of the graph to 
remain slanting. A sequential graph so constructed will permit measurement of a sig- 
nificant change in one direction, as a significant increase over and above the established 
control values. However, the plot lines of a drug inducing a significant decrease and of 
a drug inducing no significant change from the control observations will both cross the 
lower line of the graph and thus be rejected, but will not be differentiated one from the 
other. This is inherent in the one-sided alternative plan. In order to further modify 
the graph to make this latter differentiation, one may expand the analysis as follows: 


The value m, — m, is known from the first calculation, as is the value of m, (9). One 
may then solve the following equation for m, (where m, is the mean required in the treatment 
group for indicating a significant decrease in the values of the measured variables from those 
observed in the control group with a probability of P = 0.01 when n, = 6: m,—- m, = m, 
M,. 

Allow a and B to remain the same; a and b will thus remain the same and h, and h, will 
remain the same. 

Note: As an alternative method, the value of m, may be arbitrarily assigned, based 
upon the past experience of the investigator and his special knowledge in the field of 
study. The average number of observations may then be calculated from the formula 
previously given? substituting n m, for n m, and m, — m, for m, — mg The problem of 
increasing the average number of observations needed for a decision to an undesirably 
large size exists if one assigns the value for m, too close to that of my. We thus prefer 
the method given above for general use (allowing n, [n m,] to arbitrarily be 6), as it usu- 
ally leads to satisfactory clinical as well as statistical significance and generally permits 
the average number of observations to remain small. 

Then solve for a new slope: 

= a (where 8’ is the slope of the lower portion of graph). 

Lower line = -h, + 8S’ n 

Upper line = h, + S’n 

Solve again for n = 0, n = 5, n = 10, to obtain 3 plot points for construc- 
tion of upper and lower lines of lower portion of graph. 


Note: The upper line of the lower portion of the graph will now intersect the lower 
‘ne of the upper portion of the graph. The lines are arbitrarily not drawn to the left of 
‘he area of intersection, although they may be so drawn if desired.5 
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The resulting graph will now outline the zone of indecision and delineate “above,” 
an area indicating a significant increase over the control values; “in the middle,” an 
area indicating no significant change from the control values; and “below,” an area in- 
dicating a significant decrease from the control values. 


The abscissa of the graph constructed represents n, (number of observations of the 
test group) and the ordinate represents the = X (the sum of the measured variables in the 
test group). The individual measured variable of each test observation is plotted in sum- 
mation fashion, one after the other for each test group as they are sequentially and ran- 
domly obtained, until a decision is reached. A decision is reached when the plot line of a 
test group crosses out from the zone of indecision into one of the three areas of decision. 


The data utilized as the control in each of the three studies herein described were 
normally distributed. 


RESULTS 


In the study of gastric acidity, none of the mean “control” (premedica- 
tion) values for free acidity (33.0, 28.8, 32.5) differed significantly from each 
other in any of the 3 medication groups (Table 1). In view of the fact that 
the observations obtained after medication provided a two-sided alternative 
(a significant increase or decrease in gastric acidity as compared to the con- 
trol) they appeared suitable for the attempt at interpretation by sequential 
analysis, modified as described above. The placebo postmedication period 
demonstrated a slight increase in mean free HCl of borderline significance 
when compared to its premedication control by f-test (P less than 0.1 and 
greater than 0.05) (Fig. 2). The placebo A mean free HCl values were thus 
used as the control data upon which to base the sequential analysis, since a 
significant difference from these values was the object of clinical search. Table 
Il summarizes the basic data utilized for construction of all the sequential 
graphs presented in this paper. 


TABLE II 


BASIC DATA UTILIZED IN 
CONSTRUCTION OF THE GASTRIC FREE HCl BLOOD GLUCOSE EYEDROP 
SEQUENTIAL GRAPHS STUDY STUDY STUDY 
Control group Data from placebo Data from no pre- Data from observa- 
observations medication tests tions on the other 
(A mean free HCl) eye of those sub- 
jects receiving 
placebo drops 


42 21 60 
+78 78.29 +0.08 


ny (number of control 
observations ) 

m, (control mean) 

Sigma (Standard 
Deviation) 

m, 

m, 

a 


15.7 14.03 0.91 
+26.96 +95.41 +1.19 
—11.36 +61.17 -1.03 

0.01 0.01 0.01 
0.01 0.01 0.01 


Intercepts: 


h 
Slope (upper portion) 
Slope’ (lower portion) 


59.18 52.89 3.44 
59.18 52.89 3.44 
+17.38 +86.85 +0.63 
- 1.78 +68.73 —0.48 


When the individual A mean free acidity values (mean postmedication 
minus mean control) are plotted from Table I for each subject in sequential 
fashion for each drug treatment group as illustrated in Fig. 1, reserpine is 
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aecepted as a significant stimulator agent on the first 4 observations, and 
AP 396 is accepted as a significant inhibitor agent on the first 7 observations. 

The experiment was continued to gain larger numbers of observations 
(83 total) in the various medication groups and these results were analyzed 


RAU-SED 2.5 mg. 


SIGNIFICANT 
CHANGE 


Mean Post - Medication 


NHIBITOR 


5 67890 2 3 4 1 6 I7 1 19 2 


HCL 


4 
OBSERVATIONS 


Fig. 1.—The sequential graph illustrating that reserpine was found to be a significant 
stimulator of gastric acidity on 4 observations and AP 396 a significant inhibitor of gastric 
acidity on 7 observations utilizing the 4 mean free HCl observations from the placebo group 
as the control. The abscissa represents n (the number of observations) and the ordinate the 
% X (the sum of the A mean free HCl of each observation). These are plotted in sequential 
and summation fashion for each subject in each drug test group until an answer is obtained. 
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_ Fig. 2.—Left, The mean A free acidity, after all 83 tests were completed, (mean of post- 
tuedication observations minus mean control) for each time interval for each of the 3 drug 
treatment groups in the control (premedication) and postmedication period. Right, The mean 
\ free acidity after all tests were completed (mean of postmedication observations minus mean 
of control observations) for each of the 3 drug treatment groups. The P values are from t- 
tests using the mean A free HCl of the placebo group as the control. 
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SIGNIFICANT HYPOGLYCEMIA 


@ Cortisone 50 mgm. 

© Prednisone /O mgm. 

4 Prednisolone 10 mgm. 

9-a-fluoro-hydroCortisone 2 mgm. 
* Carbutamide 2 gm. 


Post=Medication Blood Glucose 


i L L L 


/ 2 3 6 7 8 9 
OBSERVATIONS 


“ NO SIGNIFICANT CHANGE 


Fig. 3.—The sequential graph designed to measure significant hyperglycemia, no signifi- 
cant change or significant hypoglycemia compared to the control. Cortisone, prednisone, and 
prednisolone were found to induce significant hyperglycemia on 3, 2, and 2 observations, 
respectively, 9-alpha-fluorohydrocortisone to have no significant effect on 7 observations, and 
carbutamide to induce significant hypoglycemia on 5 observations. The abscissa represents n 
(the number of observations) and the ordinate the = X (the sum of the blood glucose values 
observed in the drug test groups). The results are plotted in sequential and summation 
fashion for each drug test group until an answer is obtained. 
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Fig 4.—The group mean venous blood glucose, after completion of the 112 tests, 2 hours 
after ingestion of an oral glucose load for the control, and repeated after premedication with 
50 mg. cortisone acetate, 10 mg. prednisone, 10 mg. prednisolone, 2 mg. 9-alpha-fluorohydro- 
cortisone, and 2.0 Gm. carbutamide. All medications led to a significant alteration in blood 
glucose levels compared to the control except 9-alpha-fluorohydrocortisone, which induced no 
ees Sane. The P values are from t-tests comparing each medication group to 

e control. 
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by a standard statistical technique (t-test). The rise in the level of the 
mean free HCl observed in the reserpine postmedication period (+32.0 meq./L.) 
was significantly different from the placebo control (+7.8 meq./L.) (P less than 
0.001) and the fall observed in the AP 396 postmedication period (-17.5 
meq./L.) was also significant when compared to the placebo control (P less 
than 0.001). (Fig. 2.) 

For the venous blood glucose studies, the sequential graph was con- 
structed from the absolute values of the control data (no premedication) ac- 
cording to the technique previously deseribed under Methods. The analysis 
utilizing this graph is presented in Fig. 3. The individual value for each sub- 
ject’s 2-hour blood glucose determination for each drug treatment group was 
plotted in sequential and summation fashion until an answer was obtained. 
When the answer was evident after plotting the first test, a second test was 
plotted to insure that the decision remained unchanged. This technique per- 
mitted the conclusion that, compared to the control, cortisone induced a sig- 
nificant rise in blood glucose (only 3 tests required for decision), as did 
prednisone and prednisolone (2 tests with each required for decision), and 
that 9-alpha-fluorohydrocortisone induced no significant change in blood glu- 
cose from the control observations (7 tests required for decision). The con- 
clusion that carbutamide led to a significant fall in blood glucose was reached 
in 5 tests. 

The experiments were continued until there were larger numbers in the 
various medication groups (112 tests total), and the results were then ana- 
lyzed by the t-test. Fig. 4 summarizes the results of these further studies. 
The P values for the t-tests performed permit the conclusion that cortisone, 
prednisone, and prednisolone, in the dosages employed, significantly elevate 
the blood glucose 2 hours after a standard oral glucose load compared to the 
control (P less than 0.001 in each instance), and that 2 mg. of 9-alpha- 
fluorohydrocortisone induces no significant change in the blood glucose value 
compared to the control (P greater than 0.5). Carbutamide in a dose of 2.0 
Gm. leads to a significant fall in the blood glucose level (P less than 0.001). 

The sequential graph for analysis of the eyedrop tests, also constructed 
according to the technique described above, was based on the variation ob- 
served in the 60 control observations carried out in the other eyes of those 
subjeets receiving placebo drops. Fig. 5 (upper half) illustrates that the 
conclusion that scopolamine, atropine, Paredrine, homatropine, and Cyclogyl 
indueed significant mydriasis in white blue eyes, white brown eyes, and Negro 
dark eyes was reached in each instance with only 2 to 5 individual tests plot- 
ted in sequential and summation fashion for each drug group. Fig. 5 (lower 
half) illustrates that the conclusion that neither placebo induced a significant 
change in pupil size compared to the control observations in white blue eyes, 
white brown eyes, or Negro dark eyes was reached with only 7 to 10 tests plot- 
ted in similar fashion for each group tested. Further, the conclusion that 
Neosynephrine did induce significant mydriasis in all 3 eye-type groups is 
reached in 4, 2, and 5 tests, respectively. Of particular interest here is the 
conclusion that ephedrine induces significant mydriasis in white blue eyes was 
reached in 3 tests, and in white brown eyes in 7 tests, and the conclusion that 
't does not induce significant mydriasis in Negro dark eyes was reached in 9 
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tests. The conclusion that pilocarpine induces significant myosis in white 
blue eyes was reached in 4 tests, in white brown eyes in 4 tests, but in Negro 
dark eyes 11 tests were required for a decision. 


WHITE: BLUE EYES WHITE: BROWN EYES NEGRO: DARK EYES 


MYDRIASIS 


X Placebo(N.Soline) 
X Placebo(4% Bor. Ac.) 


Zone Zone q Zone 
of Indecision 4 of Indecision a of Indecision 


MYORIASIS 


Zone 
of Indecision 


NO 
SIGNIFICANT 
CHANGE 
Zone 
of Indecision : Zone 
of Indecision 


Chonge in pupil size: Post-medication minus Pre- medication 


Observations Observations Observotions 


Fig. 5.—Upper half, The sequential graph constructed in order to measure significant 
mydriasis, no significant change or significant myosis compared to the control observations. 
Cyclogyl, Paredrine, scopolamine, atropine, and homatropine are found to induce significant 
mydriasis in all eye types with no more than 5 tests with any drug in any eye-type group 
being required in order to reach this decision. Lower half, The same sequential graph re- 
produced and illustrating that the decision that neither placebo induced a change significantly 
different from the control in all eye-type groups was reached on from 7 to 10 tests on every 
occasion, that the decision that Neosynephrine does induce significant mydriasis in all eye- 
type groups was reached on 4, 2, and 5 tests, and that pilocarpine does induce sienificant 
myosis in all eye-type groups was reached on 4, 4, and 11 tests. Ephedrine was found to 
induce significant mydriasis in white blue eyes on 3 tests, in white brown eyes on 7 tests, 
and was found to be totally ineffective in Negro dark eyes on 9 tests. The abscissa represents 
n (the number of observations) and the ordinate the = X (the sum of the changes in pupil 
size observed in each group after medication). The results are plotted in sequential and 


on fashion for each drug test group in each eye-type group until an answer is ob- 
ained. 


The experiments were continued until larger numbers were gathered in 
the various medication groups (303 total) and the results were then analyzed 
by the t-test. Fig. 6 illustrates these results. The mean change in pupil size 
for each drug treatment group is plotted in the upper portion of the graph 
for white blue eyes, white brown eyes, and Negro dark eyes, as well as for the 
control observations individually by eye type and also combined, and for the 
placebo observations individually by eye type. No significant differences be- 
tween the results of the placebo tests and those of the control observations 
were demonsrated (P less than 0.5 and greater than 0.1). Scopolamine, 
atropine, and homatropine, as well as Neosynephrine, Paredrine, and Cyeclogy}, 
indueed significant dilatation of the pupil in all 3 eye-type groups (P less than 
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0.001 in each instance), though Cyclogyl and, to a lesser extent, Neosynephrine 
and Paredrine were somewhat less effective in the Negro dark eyes. Ephedrine 
induced significant mydriasis in white blue eyes and brown eyes (P less than 
0.001 in both instances) but failed to significantly alter pupil size in Negro 
dark eyes (P less than 0.5 and greater than 0.1). Pilocarpine induced sig- 
nificant myosis in all 3 eye-type groups (P less than 0.001 in each instance) 
but was considerably less potent in Negro dark eyes (it required 11 observa- 
tions to reach a decision here on the sequential graph). 


SUMMARY AND CONCLUSIONS 


Three studies involving the measurement of the pharmacodynamic effects 
of various agents on human subjects are presented. A method is described 
adapting the technique of sequential analysis to the interpretation of the data 
obtained in these studies, all of which included the possibility of a significant 
increase and a significant decrease after treatment from the measured vari- 
ables in the control group. The data from the control group in each study 
were normally distributed, a criterion which must be met before sequential 
analysis as herein described ean be utilized. 

Eighteen different pharmacodynamic agents acting on 3 widely differing 
bodily processes were tested in 498 separate trials appropriately controlled 
by a placebo double-blind technique. In each instance sufficient observations 
were made to allow further analysis of the data by a standard statistical tech- 
nique. The sequential graphs, however, yielded valid inferences after a rela- 
tively small number of observations, which were in each instance consistent 


with the inferences later drawn from the more commonly used and reliable 
t-test. 

The sequential plan described should be applicable in many areas of elin- 
ical investigation where measured variables are involved and a bidirectional 
or two-sided alternative exists. Sequential analysis should become an impor- 
tant and useful tool in therapeutic research. 
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THE EFFECT OF GRADIENT-TYPE HYDROGEN-ION 
CONCENTRATION PLATES ON ANTIBIOTIC SENSITIVITY TESTS 


K. C. Watson, M.D., M.B., Cu.B., anp M. A. E. BENNETT 
DurBAN, SourH AFRICA 


HE method of determining bacterial sensitivity to antibiotics by the use 

of dried, impregnated filter paper disks on solid media, is standard proce- 
dure in many clinical laboratories. However, it is well recognized that a num- 
ber of variable factors may influence the results of this type of test. These 
inelude (1) variations in the nature and composition of the medium, (2) the 
depth of the agar, (3) the hydrogen-ion concentration of the medium, (4) the 
size and age of the bacterial inoculum, (5) the duration of incubation, (6) 
the amount of surface moisture on the agar, and (7) the concentration of 
antibiotic in the filter paper disk. Each of these factors independently or in 
combination may affect the final result and close attention to technique is re- 
quired if accurate and reproducible results are to be obtained. 

Of these variable factors the influence of changes in the pH of the me- 
dium is of considerable importance. The present study was undertaken in view 


of the observation of conflicting results obtained with different batches of agar. 
These were found to be due to differences in the final pH of the media. The 
method employed consists of a modification of the gradient-type agar plate 
deseribed by Szybalski.t The plates were prepared according to the method 
of Sacks?; the gradient pH was produced by the incorporation of different 
buffer solutions. 


MATERIALS AND METHODS 


Antibiotics.—Stock solutions of crystalline penicillin G (1,000 units per milliliter), 
chlortetracycline, oxytetracycline, tetracycline, streptomycin sulphate and chloramphenicol 
(each 1,000 wg per milliliter) were prepared in sterile distilled water. Solutions of erythro- 
mycin and spiramycin were prepared by dissolving 50 mg. of the pure substance in 1.0 ml. 
of ethanol and then diluting with sterile distilled water to a final concentration of 1,000 yg 
per milliliter. 

The stock solutions were stored in the Deepfreeze and suitable dilutions were prepared 
in sterile distilled water as required. The potency of the stock solutions remained constant 
during the period of the investigation. 


Gradient pH Plates.—Sterile molar solutions of K,HPO, and KH,PO, were prepared. 
The former was added to 10 ml. of melted »nd cooled nutrient agar (1:10 v/v) which was 
then poured into a sterile Petri plate. The agar was allowed to solidify with the plate held 
in an inclined position so that a wedge-shaped area of agar was produced. This was most 
conveniently done by resting the bottom of the plate, near its center, on a piece of glass 
tubing. A second aliquot of melted agar containing KH,PO, (1:10 v/v) was then poured 
cn top of the first layer with the plate held in a horizontal position. Diffusion of the buffer 
solutions took place rapidly between the two layers and the plates were ready for use in 2 to 3 
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hours. The range of pH across the plates was determined by laying strips of filter paper 
containing indicator solutions, across the surface. The method gives a satisfactory and 
uniform change of pH from approximately 5.4 on one side to 8.0 on the other. 


All plates were used on the day of preparation although it was found that storage 
for 36 hours at 4.0° C. did not affect the results. 


Filter Paper Strips.—Sterile strips of filter paper (Whatman No. 42), 87 mm. by 6 mm., 
were cut and soaked in the appropriate antibiotic solution. The excess fluid was allowed to 
drain off and the strips were then placed across the central portion of the gradient plates, 
following inoculation of the plates with the test organism. 


Inoculum.—The bacterial inoculum consisted of 6 drops of a 6-hour digest broth culture 
added to 3 ml. melted and cooled 1.0 per cent nutrient agar. The agar was then poured 
across the surface of the plate and allowed to solidify. Most of the tests were carried out 
with Staphylococcus aureus (Oxford strain). A number of other organisms were also tested 
and gave identical results with the antibiotics to which they were sensitive (Salmonella 
typhi, Escherichia coli, etc.). 


All plates were incubated overnight at 37.0° C. and the results noted. With each or- 
ganism a control gradient plate was included, omitting the antibiotic, to make certain that 
growth was equal and satisfactory over the pH range. 


RESULTS 


Figs. 1 to 10 show the patterns of inhibition produced with the various 
antibiotics and with varying concentrations of the same antibiotics. 

1. Comparison of Different Antibiotics—It will be seen that the various 
antibiotics fall into three main groups according to the nature of the zone of 
inhibition. 

Group 1 (Figs. 1 and 2) consists of penicillin and chloramphenicol. Here 
the degree of diffusion is more or less equal over the whole pH range so that 
the growing edge of the inoculum is parallel to the antibiotic strip. At pH 
levels below that of the gradient plates penicillin was found to have a more 
marked effect since it is a fairly strong acid. In the case of chloramphenicol 
(Fig. 2) there is an appearance of a larger zone of inhibition at both edges 
of the plate. This appearance was noted with other antibiotics and is probably 
the result of two factors; (1) the buffering effect is poor at the edge of the 
plate and (2) the thickness of the agar is less than in the rest of the plate 
due to the curvature of the bottom. This latter point was investigated further 
by preparing agar plates with the agar sloped across the plate in a wedge shape. 
Antibiotics strips were then placed on the surface as described above and the 
plates inoculated. Diffusion was found to be considerably more marked in the 
thin section of the agar. 

Group 2 (Figs. 3 to 9) consists of those antibiotics whose effect is most 
marked on the alkaline side, i.e., streptomycin, erythromycin, and spiramycin. 
Group 3 is represented by chlortetracycline (Fig. 10) where the maximal ef- 
fect is on the acid side. Tetracycline and oxytetracycline were found to give 
similar patterns of inhibition to chlortetracycline. 


2. Effect of Varying Concentrations of Antibiotic—A comparison of Figs. 
3 and 4; 5, 6, and 7; and 8 and 9 shows the effect of varying the concentration 
of antibiotic. With those drugs whose effect is most marked on the alkaline 
side, the effect of decreasing concentrations is to increase the pH level at which 
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the end point of no inhibition of growth is apparent. With increasing con- 
centration there appears to be a direct relationship between the percentage 
inactivation of antibiotic and its concentration, at any particular pH level. 


Fig. 1. Fig. 2. 


Fig. 3. Fig. 4. 


, Fig. 1.—Effect of penicillin (100 units per milliliter) incorporated in strip. Ac = acid 
side of plate. There is practically no difference in the zone of inhibition in the acid and 
alkaline regions. Test organism, Staph. aureus var. Oxford. 


; Fig. 2.—Chloramphenicol at a concentration of 1,000 ug/ml. Here the zone of inhibition 
is considerably narrower than in Fig. 1 but otherwise has similar features. Test organism, 
Staph. aureus var. Oxford, 

Figs. 3 and 4.—The antibiotic strip in Fig. 3 contains 5.000 ywg/ml. of streptomycin 


sulphate and 1,000 ug/ml. in Fig. 4. Fig. 4 shows complete resistance of the test organism 
(Staph. aureus var. Oxford) in the acid region. 


lfowever, changes in the concentration do not appear to affect the size of the 
angle of the zone of inhibition from the strip. This is particularly well shown 
in Figs. 5 and 6 where a tenfold increase in concentration has merely altered 
‘he pH level at which no inhibition of growth becomes apparent. 
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Figs. 5, 6, and 7.—Fig. 5 shows the effect of erythromycin at a concentration of 1! 
pe/mi. ag against the test organism (Staph. aureus var. Oxford). Concentration of erythromycin 


ig. 6 is 100 we/ml. and in Fig. 7 1,000 uweg/ml. Again the marked increase in activity in 
the —— zone is well seen. 


Figs. 8 and 9.—The effect of spiramycin at 500 ug/ml. (Fig. 8) and at 100 ug/ml. 
(Fig. a * The pattern of inhibition is similar to that shown by erythromycin. Test organism, 
Staph. aureus var. Oxford. 


Fig. 10.—Chlortetracycline at a concentration of 100 ug/ml. Here there is inhibition of 
antibiotic activity in the alkaline region. Oxytetracycline and tetracycline gave identical 
results. Test organism, Staph. aureus var. Oxford. 


\ 
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With penicillin and chloramphenicol the effect of altering the concentration 
was merely to narrow or widen the zone of inhibition which remained parallel 
to the strip. 


The angle of the zone of inhibition from the strip is not constant for the 
various antibiotics. A comparison of Figs. 4 and 8 shows the type of inhibition 
with streptomycin and spiramycin. In both, the zone of inhibition commences 
at approximately pH 6.6 but the angle of inhibition on the alkaline side is 
considerably more obtuse with spiramycin than it is with streptomycin. Sim- 
ilarly, the type of inhibition with erythromycin is more closely related to that 
of spiramycin than to streptomycin. Two explanations appeared possible for 
this effect. Either the percentage inactivation of the antibiotic with each rise 
in pH, was greater in the ease of streptomycin than for a corresponding rise 
with the other two drugs, or, if the percentage inactivation was identical at any 
particular pH, the differences in the patterns of inhibition might merely be 
related to differences in the diffusibility of the antibiotic. 


3. Effect of Hydrogen-ion Concentration on Percentage Inactivation of 
Antibiotic.—To determine which of the above possibilities seemed to be the 
correct, explanation, minimum inhibitory concentrations of streptomycin, spira- 
myein, and erythromycin were determined at pH 6.0 and at pH 8.0 by a tube 
dilution method. A comparison of the end points at the different pH levels 
showed that the ratio of the minimum inhibitory concentrations was identical 
for both antibiotics. These results suggest that the percentage inactivation 
with decrease in pH is similar for both drugs. The differences in the angles of 
inhibition would seem to be dependent on differences in the diffusibility of 
the antibioties. It is not possible to correlate this with molecular size since the 
exact structure of the spiramycin molecule is at present unknown. Erythro- 


mycin, however, has a molecular weight of 733 as compared with streptomycin 
sulphate which is 1,457. 


4. Effect of Hydrogen-ion Concentration on Antibiotic Strips—Further 
investigations were carried out to determine what effect the hydrogen-ion con- 
centration of the agar had on the antibiotic incorporated in the strips. Plates 
were prepared as described and suitable concentrations of antibiotic employed 
such that the zones of inhibition were limited to the alkaline side (in the ease 
of streptomycin, erythromycin, and spiramycin) and to the acid side in the 
case of the tetracyclines. After overnight incubation the strips were removed 
from the agar and placed across the surface of fresh agar plates of constant 
pH 7.4. These plates were inoculated with the test organism and incubated 
at 37.0° C. Control strips which had been incubated overnight at 37.0° C. 
were similarly placed on inoculated plates of pH 7.4. These control strips still 
produced satisfactory zones of inhibition showing that their potency had been 
unaffeeted by the initial overnight incubation. 


In the ease of the strips transferred from the streptomycin, erythromycin, 
and spiramycin plates, however, there were no zones of inhibition in relation 
to those parts of the strips which had been in contact with the acid side of the 
cradient pH plates. Similarly, there was growth right up to the edge of the 
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strips where they had been in contact with the alkaline side of the agar, as in 
the case of the tetracycline drugs. The effect of an unsatisfactory hydrogen- 
ion concentration was thus to inactivate the antibiotic and not merely to hinder 
its diffusion. | 


DISCUSSION 


The very wide differences which exist in the optimal hydrogen-ion concen- 
tration for activity in the ease of the different antibiotics, indicates clearly the 
importance of strict control of the pH of the medium employed. 

False impressions may otherwise be obtained regarding the likely effect 
of an antibiotic in vivo. This is particularly the case where the concentrations 
employed in sensitivity tests in vitro bear little relation to the concentrations 
which are attainable in the blood and tissue fluids. 


Among the basic antibiotics other than streptomycin, both streptothricin 
and proactinomycin are also more active with increase of pH. In the case of 
the latter for example Geiger and associates* have shown that an increase of 
pH from 6.5 to 7.5 has an effect equivalent to a fourfold increase in the con- 
centration of the antibiotic. With regard to penicillin, Stokes* states that the 
zones of inhibition do not vary between pH 6.0 and 8.0. This agrees with our 
observations (Fig. 1). Foster and Woodruff,° however, found that a shift of 


pH from 7.0 to 5.5 resulted in an apparent threefold increase in effect in the 
ease of penicillin. 


The choice of an antibiotic in the control of a foeus of infection depends 
on factors involving host-parasite and host-drug relationships in addition to the 
demonstration of sensitivity of the causal organism. Changes in hydrogen-ion 
concentration in various parts of the body, for example, may be great enough 
to influence the activity of the antibiotic. In the case of a urinary infection 
it is obviously essential to render the urine alkaline if streptomycin is to be 
given. Such a procedure would be contraindicated, however, if the tetracycline 
drugs were to be employed. Similarly, where there is a focus of necrotic tissue, 
produced as the result of infection, the pH of the region tends to be highly acid. 
In such a situation a drug of the tetracycline group may prove to be more 
effective than one whose optimal activity lies on the alkaline side. In the case 
of systemic infections where the effect of the antibiotic is dependent on its 
activity in the blood and tissue fluids at pH of approximately 7.4, it would seem 
that relatively greater amounts of the tetracycline drugs would be required 
than in the case of streptomycin, erythromycin or spiramyecin. The relative 
ineffectiveness of the tetracycline drugs in typhoid fever as compared with 
chloramphenicol may partly be explained by the fact that the pH of the tissue 
fluids and blood will tend to decrease the activity of the former. In vitro 
estimations show that the minimum inhibitory concentrations of these antibiotics 
for S. typhi are very similar, indicating that host factors are of great importance 
in determining the effect of antibiotics in vivo. 


The principle of the gradient-type plate has been applied to other types 
of investigation. Sacks* made use of it to study the effect of varying pH levels 
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on the growth of organisms. Streitfeld and Saslaw® have described a modifica- 


tion for determining the sensitivity of organisms to paired combinations of 
antibioties. 


SUMMARY 


1. The effect of antibiotics, at varying hydrogen-ion concentrations on 
Staphylococcus aureus (var. Oxford) is described. The method employed con- 
sisted of a gradient-type pH plate. 


2. The results indicate the importance of adequate control of pH in media 
which is to be used for determining sensitivity of organisms to antibiotics. 


We are indebted to May & Baker (S.A.) for a supply of pure spiramycin and to 
Parke, Davis & Co., for the pure chloramphenicol. 
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LABORATORY METHODS 


NEUTRON ACTIVATION ANALYSIS OF SODIUM IN BLOOD SERUM 


RicwarpD P. SPENCER, LIEUTENANT, MC, USNR, A.B., M.D., THomas G. MITCHELL, 
LIEUTENANT, MSC, USN, B.S., M.S., anp E. Ricuarp KING, 
Captain, MC, USN, B.A., M.D. 
BETHESDA, Mp. 


EUTRON activation analysis offers an essentially nondestructive means of 
quantitatively estimating certain anions and cations. As part of an in- 
vestigative program on the applications of neutron activation analysis to biology 
and medicine,’ this laboratory has studied the determination of sodium in blood. 
The procedure has been found to be rapid and reproducible, and has the added 
advantage of entailing minimal handling of the specimen. Since the; material 
is not consumed, it may be reassayed or used for other studies. i ‘ 


The steps involved in the operation consist of: irradiation of a ida ina 
low intensity neutron flux, measurement of the induced radioactivity, and com- 
parison of the radioactivity with that of a standard handled in identical fashion. 
This report describes the method and the results obtained after “contaminating” 
short half-life isotopes have decayed. 


PRINCIPLE 


When tissue is exposed to a neutron flux, interactions occur between bombarding 
particles and target nuclei. With fast neutrons, multiple nuclear events, such as (n,y), 
(n,p), and (n, 2n), can occur. However, when thermal neutrons are employed, they almost 
exclusively engender (n,y) interactions, and other processes may be neglected. Following 
thermal neutron bombardment, radioactivity induced in any particular element within 
the specimen is given by the expression}: 


(1.63 x 10-5) n.aA.W.f.(1-e-t,) (e-d 
A, 


M is the activity in microcuries; n the flux in neutrons per square centimeter per second; 
a A the isotopic neutron capture cross section in barns; W the weight of the element in 
grams; f the fractional abundance of the precursor isotope in the element; A, the atomic 
weight of the element; A the disintegration constant of the product radioactive isotope; 
t, the time of sample exposure to the neutron flux; and t, the interval elapsed from the 
cessation of irradiation to the beginning of analysis. 


Equation 1 can be solved for the neutron flux (n = M.A,/ ete.). Hence if a mate- 
rial of known composition and an unknown are exposed to the same flux, they may be 


x= 
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equated. If both samples were subjected to an identical flux for a similar time interval, 
and then analyzed simultaneously, they would be related by the expression: 


Ms _ Mu 
Ws” Wu 


where M is the radioactivity, W is the weight of the element, s represents the standard, 
and u represents the unknown. In other words, the radioactivity induced under such 
conditions would be proportional to the quantity of material originally present. 

When only one device for detecting radioactivity is present, the standard is analyzed 
first, and the unknown is usually counted subsequently. In this situation, the more gen- 
eral one, activity in the standard must be corrected to the time the unknown is counted. 


Ms (e-\ t,) Mu 
Ws = Wu" 
The time elapsed between the onset of analysis of the standard, and the beginning of the 
same procedure on the unknown, is represented by to. 

Equation 3 is the mathematical expression used in the present analysis. The measure- 
ment of the radioactivity present may be performed by any suitable device, and expressed 
in any units, as long as the same method is utilized for the standard and the unknown. 
Two techniques for determining radioactivity were employed: counting in a well-type 
scintillation counter, and utilizing the area under the gamma ray spectral curve. 


3. 


METHODOLOGY 


Samples consisted of dried human serum of known composition.* Polyethylene tubes, 
whose outer dimensions measured 15 x 35 mm., were washed in nitrie acid and distilled 
water, then air dried. Each sample was placed in one of these containers, and heat sealed. 
Tubes were again washed, to remove contaminants resulting from handling. 


Loaded tubes were placed in a polyethylene bag and lowered into the glory hole of 
a pool-type nuclear reactor.t Flux densities varied from 2 x 107 neutrons/cm.?/sec., to 
2 x 109, Reasons for this choice of values (which include their availability from small 
nuclear reactors, Van de Graaff—beryllium sources and radium—beryllium systems) have 
been presented elsewhere.1 Time of irradiation was 20 to 60 minutes, depending upon the 
flux. 

The actual value of the neutron flux can be calculated by inserting a known weight 
vf sodium or other foil into the reactor, measuring the induced radioactivity after a 
known period of time, and substituting in equation 1. Practically however, this step is 
of no consequence, since standard and sample are both subjected to the same flux. 

After irradiation, samples were counted in a well-type scintillation counter, and 
then further analyzed in a Nuclear Model 1810 pulse height analyzer and well-type crystal. 
The base line voltage of the analyzer was continuously varied by a motorized potenti- 
ometer, Pulses within 1.0 volts above the base line were fed through a scaler and rate- 
meter to a rectilinear recording galvanometer. The potentiometer was driven at a rate 
of 1 turn/50 minutes. The time axis was also the axis of base-line voltage, and a dis- 
tance of 10 inches on the recording paper corresponded to scanning from 0 MEV to 4 
MEV. 

The area under the gamma ray curve, rather than peak height measurement, was 
utilized for estimating the quantity of radioactivity. This was done for two reasons. 
First the height of a particular peak might partially be due to the photo-emission of a 
contaminant. When averaged over a larger total area such a contribution becomes neg- 
ligible. Second, when using a narrow discrimination (a window only one volt wide) the 
peak height may not be perfectly linear; this must be checked for each system used. 

‘*Noise’’ on the gamma ray spectrometer is low. As long as the 1 K or a higher 
scale is used on the count rate meter, no correction is necessary for background recorded 


*Versatol, Warner-Chilcott, Laboratory Supply Division, Morris Plains, N. J. 


" jWe are indebted to the Staff of the Nuclear Reactor Project, Naval Research Laboratory, 
Anacostia, Md., for the service irradiations. 
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by the gamma ray spectral curve. When the 300 scale is employed, a background cor- 
rection is necessary. Radioactivity induced in the polyethylene tubes was negligible, and 
possessed a short half-life (perhaps Cl3s). No counts from the container registered at 
the sodium photoelectric peak. 

To calibrate the apparatus, Na24 of known activity (purchased from the A.E.C.) 
was utilized. The system was also calibrated for internal stability and reproducibility, 
by introducing a small concentration (about 0.1 microcurie) of Na24, and obtaining re- 
peated gamma ray spectral curves. The area under each 50-minute tracing should have 
been 0.963 times the area under the preceding curve (0.963 represents the decay of Na2+ 
during 50 minutes). In Table I are listed the measured, as well as the theoretically calcu- 
lated areas during a trial run. The error in calculating the successive areas by use of a 
planimeter (vide infra) was below 2 per cent. 


TABLE I, AREA BENEATH GAMMA RAY SPECTRUM OF A SAMPLE OF Na?24, OBTAINED BY HAvING 
SPECTROMETER TRACE REPEATED 50-MINUTE CURVES 


DIFFERENCE DIFFERENCE 
TIME IN AREA IN SQUARE INCHES IN SQUARE IN 


MINUTES THEORETICAL MEASURED INCHES PER CENT 
0- 50 7.81 
50-100 7.81 x (0.963)! = 7.52 7.41 0.11 
100-150 7.81 x (0.963)? = 7.24 7.29 0.05 
150-200 7.81 x (0.963)3 = 6.97 6.90 0.07 
x 
x 


200-250 7.81 x (0.963) 4 6.71 6.63 0.08 
250-300 7.81 x (0.963)5 6.46 6.40 0.06 


Theoretical calculations! have indicated that exposure of 33 mg. sodium (the ap- 
proximate quantity in 10 ml. serum) to a flux of 2.5 x 108 neutrons/em.2/sec. for a period 
of one hour, will result in the production of 0.14 we of Na24. To test the ability of the 
recording system to distinguish between different quantities of radiosodium, quantities 
of the isotope varying from 0.05 to 0.35 we were employed. 


Fig. 1.—Superimposed gamma ray spectra from two samples of radiosodium (Na”). 
} aed END Ceepeane to zero MEV. Last major peak is from the 2.75 MEV gamma ray. 
ext for details. 


A result of such a study is shown in Fig. 1. The lower curve represents the spectrum 
obtained utilizing 0.070 we Na24. Instrument settings were: analyzer: gain 1, 1 volt 
window; count rate meter: 10 second response, 10 K scale. By means of a Keuffel and 
Esser (4236) compensating polar planimeter, the area under the curve was determined. 
The ‘‘cutoff point’’ on the graphs has been considered to be the end of the photoelectric 
peak corresponding to the 2.75 MEV gamma ray. It must be recognized that decay was 
also occurring throughout the 50-minute scan, but this is neglected in subsequent caleula- 
tions since the same decay was occurring during the tracing of later samples. That is: 


Y (Amount in B) 


4. 
Decay during 50 minutes) 


Amount in A (Decay during 50 minutes) = ( 
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For the particular curve illustrated, the area was 3.89 square inches. Fifty minutes 
later, due to radioactive decay, the area traced would have theoretically been: 
A=zA,ert 
A = (3.89) (e-0.0462 x 0.833) 
A = 3.74 square inches. 
The factor 0.0462 is the disintegration constant of Na24 expressed in reciprocal hours, and 
0.833 is the decimal equivalent of 50/60 hours. 
The upper curve in Fig. 1 (enclosing 7.35 square inches) is the spectrum from 0.14 ue 
Na?4, run 50 minutes after the first tracing. Twice the corrected first area (representing 
0.07 we) should equal the area under the second curve (representing 0.14 ue). This it 


7.35 
does, within re x 100, or 98.2 per cent. Errors in pipetting, recording radioactivity 


by the spectrometer, and determining the area with a planimeter, were less than 2 per cent. 
On repeated trials, the error has not exceeded 3 per cent. 

When pure samples are employed, counting in a well-type scintillation counter is more 
convenient and expedient than use of a gamma ray spectrometer. However, if there is un- 
certainty as to the number of radioactive constituents in a sample, gamma ray spectral curves 
are essential. Hence, in the initial experimental work, a spectrometer was employed. This 
method is applicable to any gamma emitting isotope. As will be shown, 12 hours after 
irradiation of blood serum, Na24 is the only major gamma ray emitting isotope remaining. 


RESULTS 


After one hour bombardment of 10 ml. serum of normal composition by a 
flux of 2.5 x 10° neutrons/em.?/sec., the following gamma ray emitting isotopes 
are present? to the extent of 30 disintegrations per minute (d.p.m.) or greater: 
Na**, Cl°8, Br®°, Br®™, K*?, Ca*®, Cu®*, Cu®*, Mg?’, and depending upon 
the initial concentration, perhaps Co®™ and Mn*® (m refers to the first of two 
metastable isomers). Thus, the area under the gamma ray curve immediately 
after neutron bombardment, contains contributions from a multitude of radio- 
nuclides. The general shape of the curve is that of pure Na*‘, although its area 
is not determined by radiosodium alone. Estimation of the quantity of sodium 
originally present in the specimen cannot be accurately performed by estimating 
the area bounded by the curve, since that quantity is a complex representation 
of many isotopes. 


TABLE II. GAMMA EMITTING ISOTOPES REMAINING 12 Hours AFTER BOMBARDMENT OF 10 ML. 
SERUM* BY 2.5 x 108 NEUTRONS/cM.2/SEc., FOR ONE Hovur* 


RATIO: 100 x 
HALF-LIFE GAMMAt | D.P.M. AT TOTAL GAMMA/MIN. ISOTOPE 
ISOTOPE IN HOURS FACTOR T 12t GAMMA/MIN. GAMMA/MIN. NA24 
Na24 15.0 2.00 184,640 369,280 100.00 
C138 0.62 0.47 2 1 0.00 
Brs0m 4.6 2.00 388 776 0.21 
Br82 35.9 1.00$ 215 215 0.06 
K42 125 0.20 983 196 0.05 
12.8 0.38'| 116 44 0.01 


gamma/min. 369,280 
Total gamma/min. 370,512 °° 99.6 per cent 


*Assumed composition of the serum: sodium, 33 mg.; chlorine, 34 mg.; bromine, 0.1 mg.; 
potassium, 1.6 mg.; copper, 10-? mg. 


yAverage number of gamma rays per disintegration. 


tDisintegrations per minute, 12 hours after removal of the sample from neutron flux. 
§Assumed, value may be in error. 


Due entirely to positron annihilation. Br™ refers to the first of two metastable forms. 
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Twelve hours after removal of the sample from the neutron flux, the “con- 
taminating” nuclides have markedly decreased (Table II). From the Table, it 
ean be observed that gamma rays from Na*‘ constitute nearly 99.6 per cent of 
the gamma emissions from the irradiated blood serum. The quantity of sodium 
originally present in the sample may then reasonably be caleulated by determin- 
ing the radioactivity at this time, and substituting into equation 3. 

Any suitable detection device could have been used to count the 12-hour 
specimen. Use of a well-type scintillation counter gave good results. A gamma 
ray spectral curve was obtained on this specimen simply to rule out the possi- 
bility of a contaminant being present. As an example: twenty-one hours after 
the exposure of 10 ml. dried human serum (containing 32.5 mg. sodium) to a 
flux of 1.29 x 10° neutrons/em.?/see. for thirty minutes, the gamma ray spectrum 
was obtained. Instrument characteristics were: analyzer: 1 volt window, gain 
1; count rate meter: 2 second response, 3 K seale. Area under the eurve was 
5.88 square inches. An “unknown” that had been subjected to the same flux 
for an identical period, was then (50 minutes after the start of the first sample) 
placed in the gamma ray spectrometer. Area under this curve was 5.18 square 
inches. By use of Equation 3: 


5.88 toes x 0.988) 5.18 
32.5 mg. ~ Wu 


Wu = 29.7 mg. Actual weight of sodium in the unknown sample was 30.1 mg. 
(determined by the manufacturer, employing flame photometry). Agreement 


between the values obtained by activation analysis and by flame photometry was 
at x 100 or 98.7 per cent. 

Presented in Table III are six consecutive analyses of sodium in dried 
blood serum as obtained by activation, and the corresponding value by flame 


photometry. Difference between the two techniques was less than 3 per cent. 


TABLE IIT. EstIMATion OF SoDIUM IN BLOop SERUM BY NEUTRON ACTIVATION ANALYSIS, AS 
COMPARED WITH FLAME PHOTOMETRY. SAMPLES RUN 12 TO 21 Hours 
AFTER COMPLETION OF IRRADIATION 


SODIUM IN MG. DIFFERENCE 


FLAME ACTIVATION 
PHOTOMETRY ANALYSIS IN PER CENT 
16.3 16.5 . 1.2 
20.8 20.3 
25.9 26.3 
30.1 29.7 
30.4 30.1 
32.5 32.9 


DISCUSSION 


Neutron activation analysis is an essentially nondestructive analytie pro- 
eedure. Even if the neutron flux induced protein denaturation, there would 
be no interference with the analysis of radioanions and radiocations, as long as 
the entire specimen was counted. An infinitesimal number of nuclei, when com- 
pared with the total number in the sample, are made radioactive by neutron 
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bombardment. Hence, the material may be assayed repeatedly, or used for 
other tests. A sodium analysis can be performed on blood serum, and the sam- 
ple will still be intact for later studies. Studies have also been performed using 
liquid plasma and serum. Aside from the fact that they require more space in 
the nuclear reactor, they give results identical to those obtained from dried 
serum. 

The predominance of the Na** gamma emission may be taken advantage of 
in additional ways. Thus, by shielding the sample, to reduce the activity of 
other gamma rays, and counting at the 2.75 MEV photoelectric peak, it is possi- 
ble to obtain an estimation of the quantity of radiosodium after a period of 
irradiation as short as ten minutes. Our experience with this is limited but has 
heen promising. Reiffel and Stone? used a somewhat similar technique for esti- 
mating sodium in muscle. If sodium is but one of the electrolytes to be quanti- 
tated in serum, the irradiated sample may be fractionated by means of suitable 


anion and eation exchange resins. -This technique has proved useful, and is 
being investigated further. 


The gamma ray spectrometer—area technique, as discussed, is applicable 
to any gamma emitting isotope. The procedure is of great value when a radio- 
contaminant is suspected. First, the gamma ray peak characteristic of the 
foreign material may perhaps be detected. Second, the area beneath the curve 
should diminish, on successive tracings, according to the decay scheme of the 


isotope studied. If it does not, a radiocontaminant is present. 


Two techniques may shorten the counting time required. These are: use 
of a multichannel analyzer (or counting at the desired photoelectric peak), and 
the employment of a scintillation well-type counter. The multichannel analyzer 
rapidly produces the desired scan. If counting is performed only at one photo- 
electrie peak, care must be taken that the response is truly linear at this point; 
if not, a calibration curve must be constructed. Well-type scintillation counting 
is readily performed, but it entails the danger of detecting counts from con- 
taminants. Still another approach to the problem is to separate sodium from 
the other blood constituents, either before or after irradiation. 

In addition to sodium, isotopes of chlorine, bromine, iodine, potassium, 
calcium, copper, magnesium, and possibly cobalt and manganese are produced 
to the extent of 30 d.p.m. or greater by the exposure of 10 ml. serum to a flux 
of 2.5 x 108 neutrons/em.?/see. for one hour. Quantitative estimation of these 
materials is theoretically possible if complete separation were possible. Erythro- 
cytes, with a low sodium content, may be directly analyzed by means of neutron 
activation analysis, and data will be presented in a later report. 


SUMMARY 


1. A relationship is derived indicating that radioactivity induced in an ele- 
ment common to a standard and an unknown, following identical neutron 
hombardment, is proportional to the weight of material originally present in 
cach, if eorreetion is made for the time difference between the analyses. 
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2. Twelve hours after irradiation of the solid material from 10 ml. serum, 


by a flux of 2.5 x 10° neutrons/em.?/see. for one hour, 99.6 per cent of the gamma 
emissions present are due to Na**. 


3. Utilizing the amount of radioactivity in the 12-hour postirradiation 
specimen, the quantity of sodium present in serum may be estimated. Results 
agree within three per cent with values obtained by flame photometry. 


4. A technique of estimating the area beneath the gamma ray spectral 
curve of an isotope is described, and its use discussed in detecting radiocontami- 
nants or estimating the quantity of activity. 


5. It is concluded that neutron activation analysis may be used to determine 
sodium in blood serum. The method is essentially nondestructive, and may be 
performed on samples which must be saved for other determinations. Exten- 
sions of the procedure are mentioned, including a technique for the rapid esti- 
mation of sodium, and one for the fractionation of serum into its component 
radioanions and radiocations. 
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A WELL SCINTILLATION COUNTER FOR IMPROVED VOLUME 
EFFICIENCY 


J. MacIntyre, Pa.D., anp James H. Curistie, M.D. 
CLEVELAND, OHIO 


N THE use of a well scintillation counter to assay radioactive samples for 

various clinical tests, it has become increasingly important to employ volumes 
in the range of 2 to 10 ml. Various techniques involving the determination of 
plasma levels of protein-bound I*** after the administration of tracer doses have 
indicated the advantage of utilizing these larger samples. Two typical tech- 
niques used in this laboratory for such determinations include the method of 
Morton! for separating butanol extractable I'*! from plasma and the method of 
Lahr and Tabern? for separating protein-bound I'*' from the plasma iodide by 
ion exchange resin. For low-level determinations it has been desirable to deter- 
mine the radioactivity derived from at least a 4 ml. plasma sample, which has 
entailed analyzing a volume of 8 ml. for the butanol extraction method and 7 
inl. when the resin technique is employed. 

In addition there are various samples which contain the radioactivity in a 
nonhomogenous distribution that may vary during the period of assay. An 
example of this is the measurement of whole blood volume by such agents as 
iodinated (I***) serum albumin or Cr*'-tagged red cells. When these whole 
blood samples are assayed in a well scintillation counter the red cells will, of 
course, settle to the bottom of the tube while the serum is rising to the top. 
This presents a continually changing sample geometry to the well counter that 
ean be avoided only by taking short period assays or having a well counter 
relatively independent of sample volume or distribution. 

Since the conventional commercially available thallium activated sodium 
iodide well erystal exhibits a loss of efficiency for samples much over 2 ml. it 
would seem desirable to construct a well counter capable of handling larger 
volumes and exhibiting much less dependency on sample volume or distribution. 
This has been approximated by the well counter of Baskin, Demorest, and 
Sandhaus? which showed both decreased volume dependeney and the ability to 
handle volumes of 20 ml. or more. This counter, however, is not as efficient as 
the conventional well erystal until the sample volume exceeds 5 ml. Since 
many applications will still employ volumes less than 5 ml. there is a reluctance 
to lose the greater efficiency of the smaller well counter. For this reason a 
iodifieation in these well dimensions has been made so that the larger well will 
exhibit the same absolute efficiency as the smaller well, handle larger volumes, 
aid show decreased volume dependency. 


From the Radioisotope Laboratory, Highland View Hospital and the Department of 
Radiology, Western Reserve University, Cleveland Ohio. 
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EQUIPMENT 


For the larger well we have utilized a sealed thallium activated sodium iodide crystal 
measuring 2 in. in diameter and 2 in. in height with a well 114 in. in diameter and 1% in. 
deep. The outer diameter of this crystal is small enough to be immediately interchangeable 
with almost all probe units employing RCA 5819 or Dumont 6292 photomultiplier tubes. This 
well diameter has provided ample room for a brass protective liner in the well while still 
seating a standard 24 mm. diameter glass vial. The vials utilized were 82 mm. in height 
and hold approximately 24 ml. These vials* are relatively inexpensive and are specified by 


the manufacturer to be accurate in diameter to within 0.5 mm. Fig. 1 shows the crystal, 
brass liner, and vials. 


2 


PERCENT OF MAXIMUM EFFICIENCY 
J 


8 


6 


Fig. 2.—Comparison of relative counting efficiences of variously sized well crystals with 


respect to sample volume. All samples normalized to the response of the small well crystal 
to a 0/0.01 we sample of I, 


The conventional thallium activated sodium iodide crystalt measured 1% in. in diameter 
and 2 in. in height with a hole % in. in diameter and 1% in. deep. Klett colorimeter test 
tubes provide a close fit for this well and have been selected for sample analysis. 


*Titeseal vials, The Chemical Rubber Co., Cleveland, Ohio. 
jSealed unit provided by the Harshaw Chemical Company, Cleveland, Ohio. 
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Fig. 1.—Large well crystal with brass protective cap and sample vials. 
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Both well counters were shielded on all sides with approximately 2 in. of lead for a 
total height of 9 in. Background of the smaller well counter averaged 250 ¢.p.m. as com- 
pared to 350 ¢.p.m. for the larger unit. The preamplifiers, photomultiplier tubes, and scalers 
used with each exhibited similar characteristics throughout. 


RESULTS 


A comparison of the relative counting efficiencies of these variously sized 
well counters with respect to sample volume is shown in Fig. 2. The response 
of the conventional well counter to a 0.01 pe sample of I'** in a volume of 0.5 
ml. has been normalized to 100 per cent. The fall off of efficiency as the same 
activity is assayed in successively larger volumes is then a reflection of both 
lesser geometric efficiency as well as the self-absorption of the gamma rays in 
the liquid itself. 


For practical clinical assays the advantages of the larger unit are shown in 
Table I. Relative counting rates as obtained from a 6 ml. and an 8 ml. whole 
blood samples from a patient injected with 10 pe of iodinated (I**1) serum 
albumin are shown as counted with both the smaller and larger well crystals. 


TABLE I. COMPARISON OF RELATIVE EFFICIENCY AND VOLUME DEPENDENCY FOR WHOLE BLOOD 
ASSAY FOLLOWING 10 wo INTRAVENOUS IODINATED (1131) SERUM ALBUMIN ADMINISTRATION 


6 ML. WHOLE SMALL WELL LARGE WELL 

BLOOD SAMPLE (C.P.M.) (C.P.M.) 
Counted immediately 12,600 18,750 
After standing 4% hour 11,350 18,450 
After centrifuging 8,900 18,200 

8 Ml. Whole Blood Sample 

Counted immediately 13,850 24,200 
After standing % hour 12,200 23,700 
After centrifuging 7,800 23,000 


DISCUSSION 


The advantage of improved efficiency is shown in Table I in which it is 
noted that while only a small increase in counting rate can be obtained by 
increasing sample volume from 6 ml. to 8 ml. in the small well counter, the 
larger well exhibits an increase of about one-third in counting rate for a similar 
increase in volume. The second advantage observed is the volume independence 
of the latter unit indicated in the counting rates of the same blood sample after 
standing 30 minutes and after centrifuging. At this time the red cells have 
predominantly settled to the bottom and the plasma risen to the top, dependent 
upon sedimentation rate and hematocrit. In the patient cited the hematocrit 
was 39 per cent and the sedimentation rate was 12 mm./hr. Since the volume 
dependence of the small unit is fairly critical this separation has caused a 
deviation as large as 10 per cent after standing while the larger unit has shown 
essentially negligible variation. 


SUMMARY 


1. An improved well scintillation counter has been designed for counting 
radioisotope samples in volumes of 3 to 20 ml. with an appreciable increase in 
cfficieney over the conventional well counters used with these volumes. 
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2. The relative volume independence of this unit has indicated its useful- 
ness in producing a stable assay with samples which contain the radioactivity 


in a nonhomogenous distribution that may vary during the period of measure- 
ment. 


We wish to thank Miss June Dockery for her assistance in these measurements. 
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STUDY OF PAPER ELECTROPHORESIS: COMPARISON WITH 
SALT PRECIPITATION OF SERUM PROTEIN FRACTIONS 


CHARLOTTE M, B.S., Harry F. Weisserc,* M.D., anp Lois Dow, MLS. 
CuicaGo, IL. 


HEN the Spinco Model R paper electrophoresis apparatus was intro- 
duced into our laboratory, we compared this technique with our stand- 
ard procedure of protein fractionation, a modification of the relatively simple 
Wolfson and Cohn! method. In addition, the recoveries of known solutions of 
albumin and gamma globulin and the ‘‘tailing’’ effect of albumin in the paper 
electrophoresis system were determined. The present paper describes these 


studies, emphasizing the comparison of the clinical methods of protein frac- 
tionation. 


MATERIALS AND METHODS 


Approximately 50 serum specimens were obtained from professional blood donors. 
At the end of the blood donation, approximately 10 ml. of blood was collected into a chemi- 
cally clean test tube; the blood was expressed from the tubing through the needle used in 
the collecting set. The specimens were centrifuged and the sera placed in the refrigera- 
tor overnight. 

A control serum was obtained by collecting a unit of clotted blood from one profes- 
sional donor, The serum was separated under sterile conditions and aliquots transferred 
‘to sterile, plain Vacutainer tubest which were stored in a Deepfreeze. On the day of col- 
lection, control values for both methods of protein fractionation were established by quad- 
ruplicate determinations. There was no noticeable change in the protein fractions of this 
control serum when aliquots were later removed and thawed just before using. 

Both methods of protein fractionation were done in duplicate on each serum simul- 
taneously to avoid possible differences between the two methods; e.g., length of time in the 
refrigerator, temperature changes, and time elapsed between collection and determination. 
We employed the acceptable 6-hour accelerated electrophoretic separation? (which com- 
pared very well with the usual 16-hour separation) so that both chemical precipitation and 
paper electrophoresis could be instituted at the same time. We added 6 lambda of the 
serum or protein solution to the paper strips; this volume contained sufficient protein for 
definite separation and kept the tracing below the 10 em. mark, obviating the use of a fac- 
tor for ecaleulating the area. The paper strips were dyed and fixed according to the method 
of Block, Durrum, and Zweig. After exposure to ammonia fumes? the strips were scanned 
in the Spineo Analytrol. Chemical precipitation was accomplished by the Wolfson and 
Cohnt method utilizing the Reinhold4 modification in which the precipitating solution is a 
sulfate-sulfite mixture instead of sodium sulfite. With each series of determinations, an 
aliquot of the control serum was run in duplicate with each method. 
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Commercially available human albumin (Cutter) and gamma globulin (Lederle) solu- 
tions were diluted with isotonic saline and various mixtures prepared; the total protein 
concentration was determined by micro-Kjeldahl analysis. Known quantities of the dif- 


ferent protein solutions were added to a known serum to obtain the recovery data with 
the paper electrophoresis apparatus. 


RESULTS 


Fig. 1 presents the results of the comparison of the two methods of protein 
fractionation. In each portion of the figure the horizontal, solid lines signify 
the average value of the specific protein fraction expressed as per cent of the total 
protein concentration; the dashed lines represent the upper and lower confidence 


limits or +2 standard deviations. Each dot is the average of duplicate deter- 
minations run on each serum. 


“TRUE ALBUMIN 
CHEMICAL PRECIPITATION PAPER ELECTROPHORESIS 


CHEMICAL PRECIPITATION PAPER ELECTROPHORESIS 


Fig. 1—Comparison of serum protein fractionation by chemical precipitation (Wolfson 
and Cohn) versus paper electrophoresis (Spinco Model R). Solid horizontal lines represent 
the average value expressed as per cent of the total protein concentration. Dashed lines 
represent upper and lower confidence limits or +2 standard deviations. Each dot represents 
the average of duplicate determinations on each serum. 


The lower average serum albumin value determined by paper electro- 
phoresis (Fig. 1) may be explained on the basis of the albumin tailing effect ; 
the wider confidence limits may be due to a greater sensitivity of the method 
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and to structural changes in the protein which affect its affinity for the bromo- 
phenol blue dye. For example, the protein structure may have been altered 
during the passage of the blood through the tubing and needle of the collee- 
tion set. The average total alpha globulin (Fig. 1) is twice as high with the 
paper electrophoresis method; some of this disagreement may be due to the 
faet that the alpha globulin is caleulated by difference of two separate deter- 
minations in the chemical method. The average beta globulin (Fig. 1) is lower 
by paper electrophoresis. The value for beta globulin in the chemical method 
is obtained by adding the ‘‘true’’ albumin + alpha globulin and the gamma 
globulin fractions and subtracting the sum from the total protein; because 
of this, all the errors which may occur in obtaining the various fractions are 
summated in this beta globulin fraction. 


F= Normal Serum 
TP 7.6 gm/i00 mi 
A 53.5 % 
a, 8.3 
16.6 
15.9 


Normal Serum (F) diluted 
TP 3.8 gm/!00 mi 
A 42.4 % 
6.1 
A, 9.1 
A 21.2 
r 21.2 


rl 


Fig. 2.—Typical electrophoretic patterns of normal serum obtained with Spinco Model 
R paper electrophoresis. Curve F is undiluted normal serum; Curve I is the same serum 
diluted 1:1 with isotonic saline. Line tracing is actual pattern obtained with Analytrol; the 
paper strip dyed with bromophenol blue dye is directly underneath. The arrow denotes the 
point of a of cg 6 lambda of solution. TP equals total protein concentration in 
grams per 100 ml. A, 8, and vy represent the specific albumin, alpha-1, alpha-2, beta, 
and gamma globulin tractions. respectively, in terms of per cent of total dye absorption. 
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The average for the gamma globulin fraction (Fig. 1) is higher by paper 
electrophoresis. The difference may be due to some retention of dye by the 
albumin tail in the gamma globulin fraction. After the strips have been dyed 
and fixed, we have noted a dark line at the point of application of the sample; 
this may be denatured protein which does not migrate but does have a certain 
affinity for the dye, and thereby elevates the gamma globulin concentration in 
the final calculations. 

Curve F in Fig. 2 illustrates the normal serum used in studying the recov- 
eries of the various protein solutions. Dilutions of this normal serum with an 
equal volume of isotonic saline gave rise to Curve I. The low total protein 
concentration results in a low curve which is difficult to separate into its com- 
ponent fractions; the per cent composition is altered from the theoretical. Such 
alterations are prone to occur in solutions of low total protein concentrations 
since similar changes in the integration pattern of the Analytrol result in 
larger numerical changes in the per cent composition. 

Fig. 3 illustrates a study with pure albumin. Curve A depicts the albumin 
solution at a concentration of 5.0 Gm. per 100 ml.; the tailing effect is caleu- 
lated to be 7.9 per cent of the total dye absorption as computed with the Spineo 
Analytrol. Even though the line in Curve G is above the base line, nothing was 
picked up by the Analytrol so that the tailing effect is decreased in the diluted 
albumin solution with a total protein of 2.5 Gm. per 100 ml. Curve P illustrates 
a recovery experiment of adding albumin solution to normal serum. This was 
accomplished by diluting normal serum (Curve F, Fig. 2) with an equal volume 
of pure albumin (Curve A, Fig. 3) ; in essence this ean be represented by Curve 
G + Curve I = Curve P. Fig. 4 illustrates a similar study with pure gamma 
globulin; no tailing effect is seen with the gamma globulin solutions (Curves 
Band H). Fig. 5 represents a typical study of one of the different mixtures 
of albumin and gamma globulin. 

At a total albumin concentration of 5.0 Gm. or more per 100 ml., the tail- 
ing effect was found to average 5.7 per cent in 16 experiments. When the 
total albumin concentration was reduced in half, the average tailing for 16 
experiments was only 2.8 per cent of the total area. This indicates that the 
concentration of protein in the specimen being analyzed will affect the amount 
of albumin tailing. Controlled conditions regarding albumin tailing and simi- 
lar integration factors can and should be maintained by applying the same 
amount of protein (in our experiments approximately 60 meg.) to the paper 
strip, no matter what the actual protein concentration in the specimen being 
studied. The average recovery, in 16 experiments, of pure albumin added to 
the normal serum was 90.8 per cent, and 105.2 per cent for gamma globulin. 


DISCUSSION 


Eriksen and associates® feel that varying amounts of the different protein 
fraetions are carried over into other fractions during the chemical precipita- 
tion; alpha globulin is included with albumin, beta globulin is included with 
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albumin + alpha globulin and with gamma globulin, ete. Thus, the determina- 
tion of protein fractions by calculation of differences between appropriate 
quantities may be erroneous because of incomplete separation. 

Our results indicate that the two methods of protein fractionation are not 
interchangeable although there is fairly close agreement between the values for 
albumin and for gamma globulin. This is not surprising since the two tech- 
niques are based on totally different principles—chemical precipitation by salt 
mixtures versus fixed electrophoresis on paper. 

Table I lists representative data for the chemical fractionation of serum 
proteins by the Wolfson and Cohn’ method or its modifications and paper and/ 
or free (moving boundary) electrophoresis. The original data of Wolfson and 
Cohn! are based on 4 pools of serum collected from 50 to 150 blood donors. 
Ellerbrook’s® larger series of data on normal individuals is in close agreement 
with our data on professional blood donors. The serum protein fractions by 
paper electrophoresis show a range of values which may be influenced by the 
source of donors and the number of specimens studied (Table I). It is obvious 
that even among the free electrophoresis data there is a wide range of values. 
The data of Reiner and co-workers’ illustrate differences in the results ob- 
tained on professional versus family blood donors (Table I). 


TABLE I. COMPARISON OF REPRESENTATIVE DATA OF PROTEIN FRACTIONATION 


PER CENT COMPOSITION 


METHOD OF GLOBULIN 
FRACTIONA- ALBU- | | TOTAL | 
INVESTIGATORS TION MIN a, a, a B Y 
Present authors 57.5 7.8 206 14.1 
Ellerbrooké 58.5 11106 615.9 14.5 
Wolfson et al.1 53.8 15.7 13.4 17.1 


Present authors 51.6 16.4 14.0 17.8 
Klatskin et al.10 58.6 
Knights et al.11 50.0 14.9 14.5 20.6 
Verghese et al.12 54.0 13.6 12.0 20.3 


Klatskin et al.10 57.7 
Gordon13 56.3 15.0 14.7 14.1 
Reiner et al.7 53.6 16.5 14.1 15.7 
Reiner et al.7 56.8 15.9 12.8 14.4 
Ricketts et al.14 60.3 13.7 323 13.2 


*PD = Professional Donors. N = Normal Individuals. NP = Normal Pools (50 to 150 
donors per pool). FD = Family Donors. 
¢C = Chemical Precipitation. PE = Paper Electrophoresis. FE = Free Electrophoresis. 


Wink @ 


Paper electrophoresis and moving boundary electrophoresis do not give 
exactly similar analytic data®; in the latter case the results are expressed in 
terms of refractive index, whereas in the former they are usually expressed in 
terms of dye binding capacity, which in the case of acid dyes is largely an ex- 
pression of the number of basie groups. This dye affinity is subject to many 
variables, such as method of coagulation of the separated proteins, protein 
structural changes, type of paper used, ete. The differentiation of the frac- 
tions on the tracing made with the Spinco Analytrol, especially for the alpha-1 
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and alpha-2 fractions, is subjective. An electrophoretic peak does not neces- 
sarily represent a single, homogeneous protein, but may consist of a group of 
heterogeneous proteins having a similar electrophoretic mobility. The frac- 
tions obtained by paper electrophoresis are per cent of the total dye uptake, 
which we assume to represent the total protein content; we feel that it is 
erroneous to convert such fractions into terms of Gm. per 100 ml. All these 
factors lead us to agree in principle with the work done by Polimeni and 
Turitto® who designate the separated fractions by Roman numerals rather 
than protein terms. We feel, however, that for clinical purposes the com- 
ponents should still-be called albumin, alpha-1 globulin, ete. 


Because of the conditions of our study—the use of professional donors, 
the method of collection, and the overnight refrigeration of the serum prior 
to analysis—we feel it is not warranted to list the values obtained by the two 
methods as normals for serum protein fractionation. Rather, we have pre- 
sented a comparison of the results between chemical and paper electrophoretic 
separation of the serum protein fractions. 


SUMMARY AND CONCLUSIONS 


Our comparison of protein fractionation by the salt precipitation method 
and by paper electrophoresis showed that the results obtained by the two 
methods are not interchangeable. This emphasizes the fact that each labora- 


tory must always establish normal values for the conditions under which each 
method is used. 


The total protein concentration in the specimen to be analyzed by paper 
electrophoresis is very important because (a) it affects the degree of albumin 
tailing, (b) the integration patterns with the Spinco Analytrol at low protein 
levels are not as reliable as those with normal total protein concentration, and 


(ec) low total protein concentration results in poor separation of the globulin 
fractions. 


Such conditions should be controlled by adding a relatively similar amount 
of protein to the paper strip no matter what the actual concentration of total 


protein in the serum specimen. A known serum should be run with each set 
of unknowns. 


We wish to thank Dr. Kurt Stern and his staff of the Blood Bank at the Mount Sinai 


Medical Research Foundation and Hospital for their cooperation in obtaining the blood 
specimens. 


Thanks are due Mr. Richard Bass for technical assistance. 
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